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AER-58-1 


Engineering Problems in Aircraft Operation 


at High Altitudes 


By R. E. JOHNSON! ann R. F. GAGG,? PATERSON, N. J. 


The authors review the capabilities of the typical modern 
airplane for high-altitude operation and present the re- 
strictions of the power plant of the modern airplane which 
prevent it from delivering its normal output at high alti- 
tudes. The paper also discusses the improvements in the 
aerodynamic characteristics of the airplane as well as 
changes in the power-plant design and the progress 
achieved in cruising operation at high altitudes within the 
limitations imposed by passenger comfort and safety. The 
authors evaluate further possible gains which may result 
from an extension of this trend, and examine the engineer- 
ing problems involved in both the airplane and the engine. 


HE striking changes in aircraft performance obtained in 

the past five years have resulted from material improve- 

ments in aerodynamic characteristics, as well as from 
changes in the power plant. Previously, the latter factor ap- 
peared to be nearly the sole means used for improving perform- 
ance, and the results were rather disappointing, as would be 
expected from consideration of the simple mathematical rela- 
tions between speed and power. The quest for increased speed 
in commercial air transport has turned from a consideration of 
increased power and improved aerodynamic qualities to a study 
of the advantages obtainable by extending the cruising opera- 
tion to higher altitudes. Substantial progress has already been 
achieved in this manner within the limitations imposed by passen- 
ger comfort and safety in present types of equipment, and it now 
seems in order to evaluate further possible gains which may re- 
sult from an extension of this trend, and to examine the engineer- 
ing problems involved in both the airplane and the engine. 

The typical modern airplane is capable of normal flight opera- 
tion at altitudes far higher than any now utilized if a suitable 
power plant were available which could deliver its normal power 
output at any altitude. Since the restriction of primary im- 
portance is in the power plant, that problem is considered before 
counting the gains which might be realized without this limita- 
tion. 


ENGINE PERFORMANCE RATINGS 


Three kinds of ratings are required for engines intended for 
service in high-altitude aircraft. These are (1) take-off rating, 
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based on the maximum permissible power output for short 
periods at low altitudes; (2) maximum power for protracted 
periods, which power is to be used to reach destination in event 
of failure of one or more power-plant units and not for normal 
operation for long periods; and (8) cruising rating, which rating 
requires maximum power for continuous normal operation. 

In order to provide a quick and safe take-off, it is desirable that 
the take-off rating be 150 per cent of the cruising rating. This 
large margin of reserve power will enable the airplane to oper- 
ate from small airports, and also provides a factor of safety for 
emergencies. The intermediate rating, termed the maximum 
power for protracted periods, is not normally required in airline 
service, and is used only in case of a continuing need for a maxi- 
mum of power consistent with safe operation, such as the fail- 
ure of one unit in a multiengined airplane. This high-power 
rating obviously is required only at altitudes where some high 
land may be encountered in the flight path. The cruising rating 
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and the limiting height at which that power can be maintained 
are the most important measures of the usefulness of an engine 
for high-altitude operation. When used in the same kind of air- 
plane, the same speed will be obtained with a 500-hp engine at 
12,000 ft altitude or an engine giving 330 hp at 35,000 ft. In 
terms which have a greater appeal for the American operator, 
if the 500 hp were maintained to 35,000 ft the speed would increase 
by about 23 per cent. These relations are illustrated in Fig. 1 
for a modern transport airplane. Without considering other im- 
portant factors, it would, therefore, appear that unlimited upward 
extension of the altitude limitation of cruising power would be 
desirable. Notable progress has been achieved in this direction 
as the related problems of durability and power output, super- 
charging, combustion control and cooling, and fuel consump- 
tion have gradually been disposed in harmonious balance. Fig. 
2 shows changes in the ratings of a typical American engine re- 
sulting from assiduous demands for greater power output and in- 
creased altitude performance with improved durability. A brief 
examination of current limitations on further progress will indi- 
cate what may reasonably be expected from the engine in the 
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near future and thus establish the field immediately to be con- 
sidered for high-altitude flight. 

Assuming that the engine design is properly proportioned with 
respect to strength, heat flow, and lubrication, its cruising rating 
will be established in practice at the highest level which will 
permit operation without major failures in a period of 350 to 400 
hours between overhauls. In other places it is sometimes the 
practice to operate at a lower output and stretch the overhaul 
period, but this is scarcely to be expected in American operations. 
Types of engines now available are capable of cruising ratings of 
0.25 to 0.33 hp per cu in. of displacement, and the upper value is 
likely to change but slowly for a considerable period unless radical 
departures in engine design are encountered. 


ENGINE SUPERCHARGING 


With a supercharger of the centrifugal-compressor type driven 
from the engine crankshaft at a fixed gear ratio, it is feasible to 
maintain the cruising power rating up to about 14,000 ft altitude 
and still obtain acceptable take-off performance with present 
types of fuel. This range can be somewhat extended with the 
aid of an intercooler, though the additional drag, weight, and 
complication do not appear to justify its use. The limitation of 
the single-stage supercharger just mentioned is encountered at 
sea level at the take-off condition. The liberal use of fuel cool- 
ing and tetraethyl lead in the fuel during take-off has consider- 
ably extended the useful range of this type of supercharging, but 
even with benefit of much improved cooling practice and better 
fuel it is apparent that the difficulties encountered under take-off 
conditions will place a relatively low limit on its utility for high- 
altitude aircraft. 

A second geared centrifugal compressor used only at high 
altitudes to supplement a primary unit of the type just discussed 
has been used successfully to obtain additional altitude perform- 
ance with conventional engines. This type of unit has all of the 
advantages of the single-stage unit at low altitudes plus the 
ability to maintain the cruising rating to about 25,000 ft altitude 
without the use of an intercooler. This improvement in perform- 
ance can be obtained without material increase in the airplane 
drag, though it does require a somewhat higher specific fuel con- 
sumption due to the increased power absorbed by the super- 
charger. 

Many of the advantages of both the dual-compressor unit and 
the integral, single-stage supercharger can be realized by the 
incorporation of a two-speed transmission with suitable clutch- 
ing in the gear drive for the integral-type of centrifugal super- 
charger. Such an arrangement permits optimum sea-level per- 
formance for take-off, and by changing the speed of the super- 
charger impeller, gives adequate supercharging for high-altitude 
cruising. 

The second or high gear ratio may be chosen so that the super- 
charger compression ratio is the maximum that can be used with 
the engine and fuel selected without encountering detonation 
in cruising. Assuming the same compressor efficiency in each 
case, the altitude limitations of the two-stage compressor and the 
two-speed single-stage compressor are, therefore, identical with- 
out intercooling, and the latter refinement scarcely seems war- 
ranted in the face of the high penalties which its use imposes. 
For the ultimate maximum in degree of supercharging, two-stage 
compression with an intercooler may prove to be necessary, but 
until the means otherwise available have been exhausted this 
complication should be avoided. 

The combination of one supercharger stage gear-driven from 
the crankshaft, and another stage driven by an exhaust-gas tur- 
bine may be compared fairly to the two-stage gear-driven com- 
bination. The low-altitude performance ratings may be obtained 


by the use of the gear-driven supercharger only, exactly as in the 
cases previously considered, and the turbine unit may be used at 
high altitudes to maintain the cruising-power output. Due to the 
fact that the turbine speed, and hence the supercharger com- 
pression ratio, is subject to control, the required power may be 
obtained at intermediate altitudes with a little lower charge tem- 
perature than that obtained with the two-stage gear-drive 
unit. 

It seems probable that the combination gear and turbine- 
driven two-stage supercharger will give excellent performance at 
very high altitudes, but the complication of the dual-type in- 
stallation plus the practical problem presented by an exhaust 
manifold operating at an unusually high temperature and pres- 
sure are obstacles which may block its progress. Moreover, there 
is no conclusive evidence to prove that the results obtained with- 
out intercooling cannot be matched by a two-stage geared super- 
charger. These handicaps appear to preclude its wide adoption 
in the immediate future. 

The exclusive use of an exhaust-turbine drive for the super- 
charger at all altitudes does not appear to be particularly attrac- 
tive because of the difficulty of obtaining a very high output for 
take-off at sea level without encountering prohibitive tempera- 
ture and pressure in the exhaust system and cylinders. 

It is unfortunate that necessary experimental data are not avail- 
able as a basis for completely evaluating the merits of the turbo- 
supercharger. However, it seems probable that this type, 
when used with adequate intercooling, will produce the highest 
power output at altitudes above 30,000 ft. 

For the near future, it therefore appears to be feasible to employ 
either two-stage compression or a two-speed supercharger drive 
which will permit attainment of adequate power ratings for take- 
off and emergency service at low altitudes with the lower of the 
two degrees of supercharging, and to maintain the cruising-power 
rating only to about 25,000 ft altitude with the other combina- 
tion. Such an engine requires the use of a propeller that is com- 
pletely controllable and a governing mechanism to maintain the 
engine-operating speed at suitable values. With this arrange- 
ment the maximum airplane-cruising speed will be obtained at 
25,000 ft and the speed at 35,000 ft altitude will be about 94 per 
cent of the maximum. This range would normally be used for 
cruising operation, and if circumstances require low-altitude 
running, the engine will be well adapted for operation at the same 
cruising rating near sea level. 

Consideration of the numerous variables which need to be 
controlled under the wide range of operating conditions indicates 
that unless intercooling is necessary to obtain the required out- 
put, the optimum of performance can only be realized through 
use of a variable-compression supercharger with complete control 
of its operation in flight. 


SaTIsFacTORY Cooxtine ATTAINED WITH SUPERCHARGING 


An improved comprehension of the means for controlling com- 
bustion and cooling in aircraft-engine practice has effected an 
increase in the performance attainable with a given fuel both at 
sea level and higher altitudes, as is shown by the curves of Fig. 2 
for the period 1930 to 1935. Modern engines generally operate at 
temperatures equal to or lower than those commonly experienced 
in 1930 in spite of higher specific power output. It is interesting 
to note that expected difficulties with the cooling of supercharged 
engines in general have not been realized in practice, except in 
cases where abnormally low air speeds were encountered, as in 
high power output at very low airplane speeds. Normal air- 
line operation fortunately does not require this low-velocity climb- 
ing, and, as previously mentioned, the cruising-power rating is the 
maximum required at high altitudes. 
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FurEL CONSUMPTION A CRITICAL PROBLEM 


Since high-altitude flight is obviously not particularly ad- 
vantageous for short distances between stops, the total propulsion 
weight is a matter of vital importance. This weight com- 
prises that of the propeller, engine, cooling apparatus, installa- 
tion, fuel, and oil. All items except fuel and oil in the tabulation 
are, in general, determined by necessities of the required power 
output and durability. The fuel consumption at the cruising- 
power rating is the dominant variable in the propulsion-weight 
figure for a flight of more than four or five hours. Actual realiza- 
tion of specific fuel-consumption values of 0.42 to 0.45 lb per 
bhp-hr under normal cruising conditions is practicable with 
present engines and fuels where combustion control, heat dissipa- 
tion, and operating technique are properly coordinated. These 
figures are obtainable with an overall mechanical efficiency of 
about 88 per cent. With the same fuel-air ratio, making appro- 
priate correction for the increase in power input to the super- 
charger, the same engine when supercharged to give the cruis- 
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ing rating at 25,000 ft altitude will give a minimum specific fuel 
consumption of 0.48 to 0.51 lb per bhp-hr. This severe penalty 
in higher minimum specific fuel consumption to attain good per- 
formance at high altitudes greatly restricts the field of usefulness 
of this type of engine and will result in a compromise in the selec- 
tion of the operating altitude for a contemplated route schedule. 
However, even the values just quoted are not higher than the 
average experience of air-line operators with present methods of 
control. In order to realize the minimum of fuel consumption it 
is necessary to install precise control apparatus and to exercise 
meticulous supervision. Even though the fuel consumption 
while cruising warrants the most precise control, to use lean-mix- 
ture ratios for take-off and other high-power operation is falla- 
cious. The richest mixture which can be employed without loss 
of power should be used for the take-off in order to provide a 
maximum factor of safety against unforeseen contingencies. 
In any case, the amount of fuel wasted by this procedure is in- 
significant for a long flight. 

If fuels of improved knock rating become generally available, 
it will be possible to increase the compression ratios now gener- 
ally used and thus improve both the power output and the 
specific fuel consumption. This practice will almost certainly 
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introduce a whole new series of operating durability problems. 
However, a decrease of 10 per cent in minimum attainable fuel 
consumption for cruising is worth a major effort because of the 
resulting large increase in pay load or range. 

There are undoubtedly many operating difficulties now un- 
foreseen which will be encountered when aircraft engines begin 
routine service at high altitudes. The ignition system and the 
fuel-supply problem may prove troublesome, but it is unlikely 
that these, or similar difficulties will be insurmountable. Power 
plants suitable for cruising operation at 25,000 ft to 35,000 ft 
altitude appear to be feasible with fuel of 87 octane number and 
a conventional type of engine within a period of two or three 
years, but the specific fuel consumption will be relatively high 
because of the power consumed by the supercharger. 


Time Savep By HicH-AuTiruDE CRUISING 


Having thus broadly outlined the limitations established by 
the power plant for high-altitude aircraft of the near future, an 
estimate may be made of what changes in useful performance may 
be realized within these boundaries. It will be noted that the 
feasible modifications in the power plant previously mentioned 
do not involve any direct increase in drag, but only an increase 
in size and weight of auxiliary equipment, which probably can be 
accommodated within the space available in an air-line trans- 
port airplane. It is reasonable, therefore, to compute the changes 
in performance from available data on the assumption that the 
basic flight characteristics of a transport airplane of modern type 
will not be altered materially by the installation of an advanced 
type of supercharged engine. 

The increase in cruising speed of a transport airplane equipped 
with engines which will maintain constant cruising-power output 
to 25,000 ft is shown in Fig. 1. It will be noted that this in- 
crease in level cruising speed at 25,000 ft over that of the same 
airplane operating at 10,000 ft is 13 per cent. This increase will 
not vary greatly for any modern type of airplane with conven- 
tional wing loading. In determining the practical utility of the 
high-altitude airplane, the apparent increase in performance re- 
sulting from high-altitude cruising must be tempered by con- 
sideration of the trip length and schedule speed, rather than level 
cruising speed alone. 

In order to obtain the reduction in station-to-station time 
possible by cruising at altitudes higher than 10,000 ft, it is neces- 
sary to have certain basic performance data for the airplane, 
similar to that shown in Fig. 3, for the engine-operating tech- 
nique normally employed. For the purpose of this analysis, 
the following assumptions have been made to obtain the com- 
parative station-to-station time or speed: 

(1) A five-minute interval has been allowed for maneuvering 
the airplane at each end of the trip. This total of ten minutes 
maneuvering time has been found by experience with modern 
transport operation to be a necessary part of the schedule for any 
flight. 

(2) All climbs are made with a constant-thrust horsepower 
which is 10 per cent higher than the normal cruising power. It 
has been assumed that the engine will be capable of supplying 
this power to at least 25,000 ft altitude. The rate of climb is 
determined in the usual manner from the power required and 
power available curves for the airplane being considered. It has 
also been assumed that all climbs will be made at constant indi- 
cated air speed. 

(3) All level cruising will be done at the established cruising- 
power rating for the engine. 

(4) All glides will be made at constant rate of descent, using 
the rated cruising power. 

Fig. 3 shows performance data for a typical modern trans- 
port airplane operating as outlined above. From these data, the 
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station-to-station time or speed may be calculated for any trip 
length and for any assumed cruising altitude. Fig. 4 shows the 
results of these calculations for 10,000, 25,000, and 35,000 ft cruis- 
ing altitudes. Inspection of these curves will give the time saving 
in minutes which may be expected for any trip length for the air- 
plane which cruises at 25,000 ft compared to the same airplane 
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cruising at 10,000 ft with the same horsepower. This represents 
the real advantage in schedule-time reduction available to the 
airline operator. 

Fig. 5 shows this time saving in minutes for any trip length for 
the particular airplane being considered, and also the percentage 
of schedule-time reduction possible for the 25,000 ft cruising over 
the 10,000 ft operation which may be realized approximately in 
any airplane operating under similar conditions. 

If these data are interpreted in terms of a typical transcon- 
tinental air-line schedule, it may be expected that this airplane, 
cruising at 25,000 ft will be able to make the trip without 
stopping in about 80 min (9.5 per cent) less time than the same 
airplane flying at 10,000 ft with the same power. If the airplane 
stops once during the transcontinental flight, it may be expected 
to save 74 min (9 per cent) by cruising at the higher altitude. 
If it stops three times, it may be expected to save 52 min (6 
per cent). If stops are made once every 300 miles, there is 
practically no advantage in going to 25,000 ft for cruising. 

This indicates that the practical advantage in time saved by 
cruising at a high altitude is not large except for very long flights 
such as are necessary in transoceanic service. In the latter opera- 
tions, the time saved is not particularly important except in re- 
gard to its effect on the amount of fuel which must be carried. 
For any specific flight length, the fuel-load reduction credited to 
the time saved must be corrected for the higher specifie fuel con- 


sumption necessitated by supercharging for the higher-altitude 
operation, and for other weight penalties mentioned later. For 
operation over land, the time saved in making long flights at high 
altitudes is not ordinarily of as great importance as the advan- 
tages of increased pay load obtainable by making an occasional 
stop for fuel. : 

If restrictions on the rate of descent imposed by passenger 
comfort and safety are eliminated (as by use of a supercharged 
cabin), a slight additional time saving may be accomplished by 
cruising at high altitudes, but this does not materially alter the 
data as presented. 


PRESSURE CABIN REQUIRED FOR PASSENGERS 


Since experience has indicated that passengers cannot ordi- 
narily be carried at altitudes higher than 12,000 or 14,000 ft with- 


out increasing the air pressure in the cabin above that of the 
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surrounding atmosphere, the fuselage must be substantially air- 
tight for high-altitude cruising. This is not impractical, though 
it involves some increase in structural weight. In order to mini- 
mize difficulties, it would seem advisable to maintain the cabin 
pressure at about 10 lb per sq in. abs at altitudes above 10,000 ft, 
at which altitude that atmospheric pressure is the normal value. 
If this procedure is followed, the internal pressure which the 
cabin must withstand will be nearly 7 lb per sq in. abs at 35,000 ft 
altitude. The stiffness required of the normal fuselage is such 
that the conventional structure will, in general, be adequate for 
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the bursting loads. The principal structural changes needed will 
occur at bulkheads and doors. 

A troublesome problem is encountered in arrangements for 
maintaining the cabin pressure and in providing for ventilation. 
The power needed by a centrifugal compressor to raise the 
pressure from atmospheric to 10 lb per sq in. abs is shown in Fig. 
6, for the range of flow ordinarily considered acceptable in ventila- 
tion practice. Assuming that a value of about 20 cu ft per min 
per passenger is satisfactory, the power required will be about 2 hp 
per passenger at 35,000 ft. The utilization of the main power 
plant to supply this energy is immediately suggested for economy 
of both structural weight and fuel. In the case where a two- 
stage supercharger is used for the engine, the first stage might 
possibly supply the cabin pressure and ventilation with the 
assistance of pressure- and volume-control apparatus. A small 
auxiliary compressor driven by an exhaust-gas turbine would be 
both economical of fuel and flexible in operation. 

In addition to the desired cabin pressure and ventilation, a 
large portion of the heat required for the comfort of the passen- 
gers would be supplied by the same centrifugal compressor. 
While this amount of heat would have to be supplemented by an 
exhaust-heated steam boiler or other appropriate means, the 
heated-air supply would furnish a large part of the requirement 
except at low altitudes. Under unusual atmospheric conditions, 
cooling of the cabin air supply might even prove necessary as indi- 
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cated by the temperature data of Fig. 7. The high-temperature 
air must be carefully distributed in the cabin to avoid uncomfort- 
able hot spots. 

Automatic devices are required to control the cabin pressure 
and temperature, and a spare cabin supercharger may be neces- 
sary to protect the safety of passengers in case of a mechanical 
failure. If it is desired to employ high rates of descent to save 

“time, it will be necessary to insure a gradual change of pressure 
within the cabin. This may be accomplished by temporarily rais- 
ing the absolute pressure in the cabin above 10 lb per sq in. abs 
just prior to landing, or by decreasing the rate of descent at low 
altitudes. The continual use of sea-level pressure in the cabin 
involves both additional structural-weight changes and an in- 
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creased power consumption. The number of devices required 
for cabin supercharging and pressure control again emphasizes 
that an airplane intended for cruising at high altitudes must be a 
relatively large unit in order to achieve a reasonable pay-load 
capacity. 

Difficulty with boiling of the fuel at low pressure will be 
aggravated at higher altitudes and it will probably be necessary 
to apply cabin pressure to the fuel system. This matter and 
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numerous similar detail problems will need careful attention if 
successful operation is to be achieved. The precision of naviga- 
tion instruments, for example, is a matter of increasing impor- 
tance as speeds and distances are increased. However, it is be- 
lieved that the solution of any of these problems does not present 
major difficulties. 

ConcLusIon 


The preceding discussion leads to the conclusion that the - 
additional complications in structure and auxiliary apparatus 
required for high-altitude cruising with passengers probably does 
not warrant that type of flight operation except in the case of long 
non-stop flights over water, or to avoid or make use of weather 
conditions on the flight route. However, the latter item may be 
a very important consideration when it is desired to take advan- 
tage of prevailing winds. If these special considerations induce 
the construction of a highly specialized, pressure-cabin type of 
airplane for high-altitude operation, the flight path normally 
used (neglecting winds) should be at the maximum altitude per- 
mitted by the degree of supercharging of the power plant. It 
seems probable that the supercharging methods available for 
service use in the near future will not provide for the main- 
tenance of the cruising-power rating at altitudes greater than 
about 25,000 ft, and that the fuel consumption of such an engine 
will be materially higher than that of a similar engine super- 
charged for operation at relatively low altitudes. This increased 
fuel consumption plus the additional penalties resulting from 
the necessity for a supercharged cabin, severely restricts the 
commercial utilization of the increase in airplane speed achieved 
by flight at high altitudes. 
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The Flow Characteristics of Variable-Speed 


Reaction Steam Turbines 


By ADOLF EGLI,! PHILADELPHIA, PA. 


In this paper a general relation is derived between weight 
of flow, speed, and efficiency of a reaction-blading group 
operating under various steam conditions. With this 
relation, which is best plotted graphically, the author 
presents a method for calculating the peculiar variation 
of the weight of flow in variable-speed turbines. 


through a reaction turbine varies peculiarly with the speed 

of the turbine. This variation is appreciable, particularly 
in turbines used for marine propulsion which operate over an 
extremely wide range of speeds. When predicting the per- 
formance of such turbines? the effect of the speed on the pressure 
distribution in the turbine, i.e., the effect on the weight of flow 
through each group of blades, should indeed not be neglected. 
Due to the extremely complicated nature of the problem, how- 
ever, this refinement in turbine calculations has been neglected 
generally. 

The principal solution of the problem has been given by 
Stodola? and is known as the vmethod. This method is ap- 
plicable to any blade path. It involves, however, a cumbersome 
cut-and-trial calculation which must be made for each row of 
blades. 

A general relation between the characteristic variables of a 
whole reaction-blading group with uniform blade profile and 
uniform velocity ratio is derived in this paper which for all 
practical purposes is sufficiently accurate. The type of blading 
mentioned is, with exception of the last few rows in condensing 
turbines, the only one used in modern reaction turbines. 


[' IS a well-known fact that the weight of steam flowing 


Tue Frow TuroucH a Symmetric REAcCTION-BLADING GROUP 


A symmetric reaction-blading group is made up of blades 
with the same profile in all blade rows, i.e., blades of geometri- 
cally similar profiles, and is designed so that when operating 
with the design pressure ratio, all velocity triangles are geo- 
metrically similar. 


1 Research Engineer, Westinghouse Electric and Manufacturing 
Company. Mr. Heli received his technical education at the Federal 
Technical University in Ziirich, Switzerland, where he was graduated 
as Diploma Mechanical Engineer under Professor Stodola in 1929. 
After graduation, he was engaged as assistant to Professor Stodola 
and Professor Hichelberg and as instructor of thermodynamics and 
heat-engine design. From 1930 to 1931 he was employed as experi- 
mental engineer with the Terry Steam Turbine Company, Hartford, 
Conn. Since 1931, Mr. Egli has been connected with the Westing- 
house Company at South Philadelphia as research engineer on 
turbine efficiency and design. 

2 Steam-rate guarantees are often required over a range of loads 
from the maximum down to less than 2 per cent with the heaviest 
penalties at the lowest loads. 

3 “Steam and Gas Turbines,’’ by A. Stodola, McGraw-Hill Book 
Company, New York, N. Y., 1927, pp. 316-327. 

Contributed by the Power Division and presented at the Annual 
Meeting of Tam Ammrican Socimty or MEcHANICAL ENGINEERS 
held in New York, N. Y., December 2 to 6, 1935. 

Discussion of this paper should be addressed to the Secretary 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until March 10, 1936, for publication at a later date. 

Norts: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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1 The Velocity Ratio v as Characteristic Argument of the Per- 
formance of the Blade Group. Consider two-dimensional flow 
through one row of rotating or stationary blades as seen by an 
observer standing still relative to the blades. The flow picture, 
which looks principally as sketched in Fig. 2, is, in accordance 
with the laws of similarity of flow, determined if we give the 
angle of approach 8, the Reynolds number R,* and the Mach 
number M.§ For one and the same turbine the effect of R is 
very small, unless it is operating in a critical flow region, which 
generally is not the case. In the analysis presented in this 
paper the effect of the Reynolds number on the performance of 


Rotation 


———— Oo 


Fie. 1 Reaction-BLADING Group or AN AXIAL-FLow TuRBIND 


Fie. 2. Two-DimensionaL Ftow THrovueH A Row or Rpaction 
BLADES 


the blading is neglected. For such blade groups, the Mach 
number is usually about 0.3 or less so that its influence on the 
efficiency can also be neglected. The steam, when flowing 
through the blade row, behaves practically as an incompressible 
fluid. 

Thus, the picture of the flow through the blade rows of a 
given turbine is assumed to be dependent only on the angle of 
approach 8. In particular, consider now the approach velocity 
c, and the leaving velocity c:. The direction of the two velocities 
and the ratio of their absolute values are fixed as soon as 6 is 


4 Defined as R = cl/v, where c velocity at a given point of the 
flow field, = a characteristic length such as the blade width b, and 
v = the kinematic viscosity of the fluid. 

5 Defined as M = c/cg, where c and cq are the flow velocity and 
acoustic velocity, respectively, at a given point in the field. 
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given. Neglecting the difference between the mean diameters 
of two consecutive blade rows, the relation between the velocities 
c, and ce and their directions a and # is represented by the velocity 
triangle shown in Fig. 3. In this figure wu represents the relative 
blade speed between two consecutive rows, i.e., in an axial-flow 
turbine with rotor and stator u is the peripheral velocity of the 
rotating blade. It is apparent that the proportions of the 
velocity triangle are definite functions of the approach angle 8, 
and also the velocity ratio » = u/c. Besides Reynolds’ number 
and other factors, taking into consideration the effect of varying 
blade heights, blade widths, etc., it is common practice to use the 
velocity ratio instead of the approach angle as characteristic 
argument of the performance of a turbine stage. 
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For the special type of blade group considered in this paper 
the author will follow the common practice and use » instead of 
6B as characteristic argument even though the approach angle 
6 is a more general characteristic. The variation of the factors 
for blade height, blade width, etc., do not have to be included 
since we are concerned only with a given blade group. The 
flow through the blade row is now a function of the velocity 
ratio, i.e., each velocity vector is a function of v; the percentage 
energy lost through friction is a function of v; the efficiency of 
the flow is a function of v; the angle a which the flow assumes 
after it has left the blade row is a function of v; ete. 

A symmetric blading group is designed so that each row is 
operating with the same velocity ratio, i.e., all velocity triangles 
are geometrically similar. 


2 The Variation of the Blading Efficiency of a Given Blade Group. 
The points 1, 2, 3, 4, 5, 6, etc., in the enthalpy-entropy dia- 
gram of Fig. 4 represent the condition of the steam at the 
exit of the first, second, third, fourth, fifth, sixth, etc., blade 
row. Then the blading efficiency of the blade row is defined as 


where h is related with the velocities of the triangle of Fig. 4 
through the energy equation 


he (Ai 29) Ce eee ae eee [2] 


where A = 1/777.6 Btu per ft-lb, and g = 32.17 ft per sec per 
sec. 

To express numerically the energy losses in the flow through 
the blade row we introduce with Stodola the velocity coefficient 
¢. The coefficient ¢ is the ratio of the actual leaving velocity 
¢, to the velocity c’ obtained in a flow without energy losses. 
It is defined by the equation 


(A/2g)c.2 = ¢2[h’ + (A/2g)co7]..........0-- [3] 


The velocity coefficient ¢ is definitely related to the energy losses 
n the flow, i.e., ¢ is a function of ». 
Substituting h from Equation [2] and h’ from Equation [3] in 
Equation [1] 
ie een) 
(1/e?) — (¢22/e1) 
Noting the relation from the geometry of the velocity triangle 


Ce? [Cy =) 6s ve ete ees ore [4] 
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where « = v (2 cos a — »), a function of », we write Stodola’s 
expression for the blading efficiency 


e+ (1— 9) (1/¢?) 


For a given blading, the efficiency 7 is a function of the velocity 
ratio v only, since ¢ as well as ¢ are definite functions of ». 

The relative kinetic energy available for the flow through the 
following blade row will be calculated at this point since it is 
needed later in the derivation of the flow characteristics. It is 
defined as 


n 


e = (A/2g) (c27/h') 
and can be expressed in terms of ¢ and ein the form 


<a 2 
gg ee ee [5] 
i (Ci = aye 
where ¢ is also a function of the velocity ratio v. 

3 The Isentropic Velocity Ratio v’. When calculating the 
turbine performance, it is not possible to compute directly 
y = u/c since c is unknown. In practical calculations one 
therefore refers to the adiabatic velocity ratio 


pie ey 
where 
Oy Sa /Oght/ AN... Fe a eee [6] 


The adiabatic velocity ratio v’ can easily be calculated since 
both the enthalpy drop h’ (at constant entropy) across the stage 
and the turbine speed are known. The relation between v’ and 
y is obtained by writing Equation [3] in the form 


1/2 = (cy/c:)® => (Ga/e1) Paneer eee Fen tA 


FUELS AND STEAM POWER 


and noting that 
Coft: = v/v’ 
Thus 
viv = fe + (1 — 92) (1/e%)]...... ee eee ee [8] 


Combining Equations [1b] and [8] as well as [4] and [8], 
yields the general relations between the variables (v/»’), e, ¢, 7, 
and v’ for instance in the form 


v/v’ = function of nandiy! 6 ...<.c.cn esc: [a] 
é = function of 7 and p’.........0000.0008 a0 [b] 
Pe LUNCHLONOL aan Cay Vaateieis o)< cis acteicisidne [c} 


where 7 and v’ are most readily used as parameters since 7 is 
directly obtainable as a function of v’ from turbine tests. The 
actual numerical evaluation of the three functions [a], [b], and 
[c] is best performed graphically. In order to demonstrate their 
principal features the author has calculated them for a fictitious 
blading for which sin a = 0.30 shall be a constant, independent 
of the velocity ratio ». The constancy of a with v over a wide 
range of operating conditions approximately is the case in actual 
blading. 

However, it is not very difficult to include in the calculation 
of these characteristic functions any variation of a with », 
which for instance may have been found by special tests. 

In Fig. 5, the ratio (v/v’) has been plotted as a function of 
7 and v’ for blading with the sin a = 0.30. This particular 
curve is useful in the design of the blade path, v’ being known 
from the performance calculations and » being directly necessary 
when calculating the blade heights. Figs. 6 and 7 show the 
percentage of carried-over kinetic energy e and the velocity 
coefficient ¢, as functions of 7 and v’, respectively. 

It should be noted that Figs. 5, 6, and 7 are general and apply 
to any blading group made up of blades which produce an exit- 
flow angle a for which sin a = 0.30. 
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4 The General Continuity Equation. This equation shows the 
relation between weight of flow, speed, blading efficiency, and 
pressure distribution of a group of reaction blades operating 
under various steam conditions. 

There are two principal ways in which the flow through the 
blade row appears to take place. Over a certain range of approach 
angles the flow picture looks about as shown in Fig. 2, the fluid 
following the contour of the blades without loss of contact. 
Below a certain value 6, of the approach angle and above a 
certain value 8,, the boundary layer breaks loose from the blade 
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wall and a wake of eddies is produced after each blade as shown 
in Figs. 8a and 8b. In the continuity equation 


where G = weight of flow, lb per sec; v = specific volume of the 
fluid at the exit from the blade row, cu ft per lb; F = flow area 
at the exit from the blade row, sq ft; c: = exit velocity from the 
blade row, ft per sec; and f = a fill factor which takes into account 
the extent to which the flow passage is filled. In the range of 
approach angles 6, to 6, (corresponding to velocity ratios », to 
»,), f will be unity. In the regions below », and above », f will 
be less than unity. We should expect f to vary with the velocity 
ratio about as shown in Fig. 9. 


fe 


Velocity Ratio of 
Max. Efficiency 


Va Vp Vv 


Fig. 9 Fint Factor f as a Function or THE VELOcITY Ratio 
By eliminating c: from the Equations [3] and [9] and intro- 

ducing e as defined with Equation [5] 
G? = (29/A)F?f2e2(1 + €)(h’/v%)..........- [10] 


Inasmuch as h’, the isentropic enthalpy change across one blade 
row, is relatively small we can write approximately 


(ING TOY YN a5 Go ienoo a6 {11} 


where Ap is the pressure drop across the row. Equation [10] 
can now be written in the form 


G2/2gf2e2?(1 + e) = —F2(Ap/v).......... [10a] 


in which it is observed that the left side of Equation [10a] has 
for each row of a symmetric blading group the same value 


DY = G2/2of2c2 ere) paca eee ee {12] 
The equation 
D = —F*(Ap/v) 


may also be written in the form 


iv ul 1 Ap 
SS Fa peas 12a 
Ag F? v Ax hed 
with Az as an increment of the number of rows. We then 


introduce but a small error when replacing Ap/ Az by dp/dzx so 
that 


Integrating Equation [13] over the whole group of blades which 
is operating at a fixed velocity ratio 


1 da ?? dy 
D— — = Sake eto arente 13 
ee i v [ a] 


The left side of Equation [13a] becomes a certain fixed value 
for the particular blade group. The right side has to be in- 
tegrated along the condition line 1, 2, 3, 4, 5, 6, etc., of Fig. 4. 
As an approximate relation between p and v along the condition 
line we may use the polytropic® 


with 
nm = 1—(k—1)/k 


where k = the exponent of isentropic expansion, and 7 = the 
blading efficiency. Therefore 
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and, as result of the approximate integration over the whole 
symmetric blade group 
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With the simplification 
2 — n(k —1)/k S 2 


the general equation for the weight of steam flowing through a 
group of symmetric reaction blading is 


G = Bn V (g/p1) So’; n) BO’; 2) W(3/ diye ee {17] 


where B = a characteristic constant for each particular blade 
group, sq ft; 1 = absolute pressure before the blade group, lb per 
sq ft; pz = absolute pressure after the blade group, lb per sq ft; 
v, = specific volume before the blade group, cu ft per lb; g = 
terrestrial gravity, 32.17 ft per sec per sec 
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a function of »’ and 7 


V(ps/p1) = Vv 1 — (p:/pi)? 
a function of the group pressure ratio plotted in Fig. 11. 


6 “Steam and Gas Turbines,’ by A. Stodola, McGraw-Hill Book | 
Co., New York, N. Y., 1927 (H. Martin), p. 298; ‘Festschrift, 
Professor Dr. A. Stodola,” Verlag Orell Fiissli, Zurich and Leipzig, 
1929 (G. Fliigel), p. 145. : 
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For a blading with sin a = 0.30, ® has been calculated and 
is shown graphically in Fig. 10 as a function of v’ and 7. 

The fill-factor f is a function of v (or also of v’ and » through 
the relation represented in Fig. 5) depending considerably on 
the profile of the particular blades used and can be determined 
directly from efficiency tests with a blading group by comparing 
G from Equation [17] with the weight of flow obtained from 
tests. After fj’; 7) is known for a particular blade profile, the 
curves @ and f can be combined in one (f®)(,’; 7). 

For various given blade groups, 7 is a known function of v’ and 


G = Bp, WV 9/pir (f®), WOH EA oosinosoonn. [17a] 


The curves (f®) for the variously efficient blade groups will look 
similar to those shown in Fig. 12. With the use of such curves 
it is relatively easy to consider the effect of the speed, or better 
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still the velocity ratio, on the weight of flow in predicting the 
turbine performance. 

Special Case. In constant-speed turbines, the variation of 
the velocity ratio is relatively small during change of load. The 
blading is generally designed to operate in the flat range 1-2 of 
Fig. 12 so that the effect of the function (f&) on the flow can 
practically be neglected. Neglecting, furthermore, the variation 
of the product p.m; 


G = constant 7, V1 == (e/ Di) sn. va {18] 
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Equation [18] is identical with the “law of the steam cone” 
found by Stodola. 
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In case of a condensing turbine, p2/p1 becomes negligibly small 
so that the steam flow G is practically proportional to the inlet 
pressure 71. 

SUMMARY 


The weight of flow through a symmetric reaction-blading group 
is expressed by Equation [17] to be in general a function of the 
pressure ratio, velocity ratio, blading efficiency, and initial 
condition of the steam. Strictly, the integration of Equation 
[10a] is correct only if the velocity ratio »v is the same for all 
rows, which is the case if the group pressure ratio p2/7 is equal 
to the design pressure ratio. For practical purposes, however, 
Equation [17] may also be applied to varying group pressure 
ratios, this being especially true since this variation is relatively 
small as a rule. 

Because of the complicated nature of the transcendental 
functions involved, the characteristic function ® is best shown 
graphically. For a given blade section a plot as shown in Fig. 12 
will be particularly easy to use in performance calculations. 

The curves shown in Figs. 5, 6, 7, and 10 refer, for simplicity, 
to a blading giving a constant-flow leaving angle a (sin a = 0.30). 
Principally, any known variation of a with the velocity 
ratio » may be considered when calculating the characteristic 
functions. 

When compared with actual tests, Equation [17] has proved 
to give very accurate results. 
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Distribution of Air to Underfeed Stokers 


By A. S. GRISWOLD! ano H. E. MACOMBER,? DETROIT, MICH. 


The development of the underfeed stoker in coal- 
burning capacity has with few exceptions kept pace with 
the growth of Jarge boiler units. The ability to continue 
further the increase in the amount of coal which can be 
successfully burned will depend greatly upon the solution 
of the problem of air distribution. 

Because of the physical movement and progress of the 
fuel on an underfeed stoker, and the changes which take 
place during combustion, the fuel bed presents a pro- 
gressively varying resistance to air flow, and the quantita- 
tive proportioning of air as regulated by fuel-bed resistance 
alone may be other than that desirable for the most effi- 
cient combustion. 

As the result of many experiments, metered-air-control 
systems, which supplement the action of the fuel bed and 
control the air supplied to a large number of fuel-bed 
subdivisions on a quantitative basis, have been developed. 
They are successful both from the standpoint of an operat- 
ing mechanism and from the results attained. 

The installations described provide an appreciable im- 
provement in combustion efficiency under test conditions 
and a small but measurable improvement in daily opera- 
tion. Smoking is almost entirely eliminated. Stoker- 
maintenance expense is reduced and availability is in- 
creased. The most important feature is the ability to 
maintain higher coal-burning rates, which, in some 
instances, may lead to important reduction in boiler- 
plant investment. 


NTIL recently, the development of the mechanical stoker 
| | has kept up in coal-burning capacity with the growth of the 
large boiler units that are now quite a common feature of 
central-station boiler plants. With a few notable exceptions, the 
choice between stokers and pulverized-coal firing has not been 
affected by the impossibility of building the stoker large enough. 
Indeed, the characteristic of the underfeed stoker in the matter 
of high heat release for a given furnace volume affords a definite 
advantage in determining the capacity of the unit when space is a 
serious factor. Whether or not this will continue to be the case 
will depend in no small degree upon the adequate solution of the 
problem of air-distribution control with which this paper deals. 
In the case of the forced-draft, chain-grate stoker, the neces- 


1 Staff Engineer, Central Heating Department, The Detroit Edison 
Company. For two years preceding his graduation from Cornell 
University in 1922 with the degree of mechanical engineer, he was an 
instructor in the experimental engineering department of Sibley 
College at that university. Since 1922, a large part of his time has 
been devoted to the operation of the central heating plants, with 
particular reference to boiler operation and combustion problems. 

2 Engineer, Production Department, The Detroit Edison Com- 
pany. Mr. Macomber was graduated from the mechanical engineer- 
ing course of Michigan State College in 1917. Since that time, with 
the exception of one year of service in the Chemical Warfare Service, 
U.S. A., he has been employed by The Detroit Edison Company on 
problems pertaining to power-plant design and operation. 

Contributed by the Fuels Division and presented at the Annual 
Meeting of Tum Ammrican Society or MrcHanicaAL ENGINEERS 
held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1936, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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sity for graduating the applied air pressure from front to back, as 
the blanket of fuel progresses through the processes of combus- 
tion, was recognized early in the development of that type, but 
the advantages of applying the same principle to the control of 
air supplied to an underfeed stoker were not realized until much 
later, as will presently be described. 

The air-control systems, which incorporate this principle, pro- 
vide a method to supply and regulate quantitatively the air flow 
to a large number of subdivisions of the fuel bed. They were 
originally looked upon only as a means to effect improvement in 
efficiency of combustion, but development and operation of the 
equipment have shown that further advantages are possible. 
The principal ones are important factors leading to increased 
coal-burning rates and reduced maintenance costs in the opera- 
tion of underfeed stokers. Today, air-control equipment has 
become an essential feature to be considered both in the design of 
new plants and the rehabilitation of old ones. 

This paper discusses the air-distribution control problem and 
describes the methods developed for its solution in some of the 
most modern stoker plants. The first part reviews briefly the 
principle of the underfeed stoker as it bears on the problem of 
combustion control; the second part consists of a short discus- 
sion of the control of air distribution by the fuel-bed shape and 
dampers; the third section describes the modern air-control sys- 
tems; and the fourth is a discussion of the economics of air con- 
trol. 


I—GENERAL PRINCIPLES OF UNDERFEED STOKER 
COMBUSTION 


The principle of operation of the underfeed stoker, handling 
bituminous coals of the coking type, depends upon arather definite 
physical movement and progress of the fuel on the stoker corre- 
sponding to the physical changes which take place during the 
combustion process. The importance of proper physical move- 
ment of the fuel bed, as it affects operating efficiency, cannot be 
overestimated. Once determined for optimum conditions with 
any one installation, however, the stoker requires no radical 
change of adjustment provided the physical and chemical char- 
acteristics of the fuel remain fairly uniform. 

The path followed in this movement is such that the fuel pro- 
gresses from the point of introduction as fresh fuel, at the bottom 
of the retort, to the point of removal as refuse at the surface of the 
fuel bed. The introduction of fresh fuel crowds along the por- 
tions of the fuel bed just ahead, and the movement, continued 
by the action of successive pushers, at all times is carried on with 
the minimum of direct contact between the burning fuel and moy- 
ing parts. Coincident with this movement the fuel passes 
through zones of increasing temperature below that required for 
ignition, yet sufficiently high to promote coking with liberation of 
the volatile matter. Air for combustion discharged into the fuel 
bed through tuyéres mixes with and carries off these combustible 
gases and their combustion begins, along with that of the coke, as 
they pass through the incandescent zone at the surface. The 
coking process tends to close the fissures between adjacent frag- 
ments of coal and form a large mass, which, in turn, is subject 
to some disintegration as a result of action by the pushers. This 
may be contrasted with the absence of a “‘closing up” effect in the 
chain-grate stoker where the blanket of fuel is spread out and 
transported from front to back but without other disturbance. 
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Errect or Furi Bep on Arr FLow 


In the distribution of air to the fuel bed, the operator is thus 
dealing with a progressively varying resistance to the passage of 
air. Consequently, the quantitative proportioning of the air, as 
regulated by fuel-bed resistance alone, may be other than that 
desirable for the most efficient combustion. 
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Fig. 1 Pressurr-Drop THROUGH TuymRES AND Furnt BEp oF 
Bracon Street HEATING-PLANT STOKER HQuippEp WITH METERED- 
AtrR CONTROL 


In Fig. 1 curves representative of actual operating conditions 
with an underfeed stoker show that the resistance of the tuyéres 
to the flow of air is of relatively minor importance as compared 
with that presented by the fuel bed, and is in consequence of little 
effect in producing a uniform air distribution. The resistance 
offered by any part of the fuel bed, however, is of major impor- 
tance. It is in turn affected by conditions such as (1) the shape 
and thickness, and (2) the porosity as affected by the intermove- 
ment within itself, the coking action, and the possible formation 
of clinkers. 


Errect or Air Ftow oN BuRNING RATE 


The rate of burning coal, expressed in pounds per square foot of 
projected grate surface per hour, within the operating range, is 
immediately dependent on the rate of air supply, based, of course, 
on the presumption that a proper fuel bed has been established 
and is maintained within reasonable limits of thickness and tem- 
perature. Change in the fuel bed to accompany change in coal- 
burning rate, on the other hand, is not immediately dependent on 
the rate of feeding coal, but is a cumulative process as compared 
to the rate of air supply. 

Obviously, for a given plenum-chamber pressure the quantita- 
tive flow of air, and consequently the rate of burning, will vary 
inversely as the resistance offered at various points in the fuel bed, 
which explains why, especially under conditions of forced output, 
the bed may get accumulatively lighter or heavier. Without 
some external means of controlling air distribution, thin spots will 
inevitably develop in some places, while others will become ex- 
ceedingly heavy. Where the fire is thin, holes will be blown open, 
causing intensely hot blow-torch effects that may destroy the iron 
of the grate and induce the formation of clinkers. Eventually, 


the condition may extend so far that solid particles of coal or 
coke are blown out of the fuel bed and ‘‘drifting’’ will take place. 
As a result, the whole fuel bed becomes physically unmanageable 
and the load can no longer be maintained. Coincident with 
this condition, an excess of air will blow through in some places 
while a deficiency exists in others, with an accompanying overall 
loss in. efficiency. 


II—METHODS OF REGULATING AIR DISTRIBUTION 


The regulation of air distribution for underfeed-stoker opera- 
tion ordinarily concerns the use of fuel-bed shape, as a resistance 
to the flow of air, supplemented with a damper system to throttle 
portions of the air supply as desired. 


Usr or Furt-Bep SHAPE 


The use of fuel-bed shape as a factor in regulating the distribu- 
tion of air relative to the varying stages of combustion from the 
front to the rear of the stoker has been, and is today in most in- 
stances, the only means available for this purpose. Furthermore, 
in every case its establishment, irrespective of the air-distribu- 
tion method available, is essential to efficient combustion. It is 
accomplished entirely by the operator’s skill in the use of adjust- 
ments to the stoker-operating mechanism as determined by visual 
observation of the fire. There is a considerable difference of 
opinion among operating engineers as to what constitutes the 
optimum physical shape of a fuel bed, and it will not be argued 
here. In any case, the probable differential in overall economy of 
the unit will be small. 


Us or DAMPERS 


Although the need for a method to supplement the air distribu- 
tion provided by fuel-bed-shape control was recognized in the 
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early days of stokers, the development of workable damper sys- 
tems for providing adequate regulation has been slow. Prior to 
1910, stokers were small, probably not exceeding 100 sq ft of pro- 
jected grate area, and, as illustrated by Fig. 2, air was supplied to 
the entire grate area without any regulation whatsoever between 
different portions of the fuel bed. 

With the development of larger stokers it became customary to 
divide the grate area into several subdivisions and supply air to 
each through individually controlled dampers. To avoid the 
complete stoppage of air to any one subdivision, the partitions 
usually were not tight. A typical installation of this kind in an 
early plant of The Detroit Edison Company is shown in Fig. 3. 
The stoker wind box—that part of the stoker to which the tuyére 
boxes were bolted—was divided into several sections to which the 
air was admitted through dampers. 

On one set of stokers at the same plant further subdivisions 


FUELS AND STEAM POWER 


FAN OUTLET DAMPERS 


AIR DISTRIBUTING 
DUCT 


AIR DUCT 


ELEVATION 
ONE HALF OF DOUBLE STOKER 


DUCT TO OPPOSITE 
HALF OF STOKER 


FSP-58-2 15 


EXTENSION GRATES 
TUYERES 


Gee t 


KKK 
Sal 
| [<< 


ASH PIT 


PLAN (REDUCED SCALE) 
PROJECTED GRATE AREA 362 SQ.FT 


Fic. 3 SrctronaL Damper SysTEM FOR STOKERS OF DeLRAy PowrErR Hovusn No. 2, InstauLep 1910-1915 
(Each of 13-retort double stokers was divided into four or five sections with separate damper-equipped ducts leading from the air-distribution duct 


to the stoker wind box. 


AIR DUCT TO - 
INDIVIDUAL TUYERE BOX  E2 TUYERES 


—TUYERE BOX 


SS 
TOR 


DAMPER OPERA 


A SECTION AA 


Fic. 4 Exppriment in 1911 at De_tray Pownr House No. 2 
Wirn Artr-Conrrou System ror InpivipuaL Tuybre Boxes 


of the grate area were made during 1911. The wind box was 
partitioned and hand-operated dampers were installed, as shown 
in Fig. 4, so that the air to each individual tuyére box could be 
controlled. The adjustment of these dampers depended upon 
the condition and shape of the fuel bed as determined by obser- 
vation. It was concluded, after considerable experimentation, 
that the multiplicity of dampers thus arranged was of no practi- 
cal value. Although this experiment was not successful, it was 
one of the earliest attempts to utilize one feature of the design of 
the successful air-distribution system reported in this paper, 
namely, the division of the air flowing through the stoker into a 
relatively large number of individual streams and the provision of 
means for controlling them independently. 

The use of a plenum chamber was the next step in the develop- 
ment of more desirable air-distribution methods. The high air 
velocities of the old small air ducts were known to be responsible 
for much of the localized burning of stoker castings and fre- 
quently for the uneven burning of the fuel. The plenum cham- 
ber was used, therefore, to provide the more even distribution of 
air to the tuyére boxes. 

This type of construction, which was used in the original Con- 


Later the distribution duct was greatly enlarged. The partitions in the stoker windbox were not airtight.) 


ners Creek installations, is shown in Fig. 5. The tuyére boxes 
for each stoker, which were divided into several sections, were 
supplied with air from the plenum chamber through short 
damper-equipped ducts. This method of air-distribution con- 
trol became known as “sectional dampering.” A section of the 
fuel bed extended from the front to the rear of the stoker and in 
width usually included the retorts corresponding to the power- 
box sections. The dampers were called “section dampers.’ 

A rapid growth in the size of stokers began about 1920 when the 
first installations were made having 21 tuyéres of standard thick- 
ness in each stack instead of 17, which had previously been stand- 
ard. Also, the secondary coal-feeding system was enlarged and in 
one design consisted of a ram and pusher rather than a single ram. 
The section dampers for air regulation provided with the older 
stokers were retained. Other developments, such as preheated 
air and attempts to increase greatly the coal-burning rates, soon 
followed. The need for adequate air regulation for the fuel bed 
became urgent in spite of the mechanical improvements which 
were made to the stokers. 

Stokers having most of the modern features were available 
about 1926. A typical installation of this period in the Beacon 
Street Heating Plant in Detroit is shown in Fig. 6. The double 
stokers, having a projected grate area of 636 sq ft, are 14 retorts 
wide, have 29 tuyéres in each stack, and each retort is fitted with 
four secondary pushers and a moving extension grate. The air- 
regulation system for these stokers differs from that used on the 
older units in that the dampers which control air to the tuyére 
stacks and to the extension grates are entirely independent of 
each other. There is no interconnection of air passages above 
the section dampers, which are greatly improved mechani- 
cally. 

Since both the tuyére stacks and extension grates of each half of 
the double stoker are divided into four sections, there is a total 
of sixteen dampers for regulating the air to the fuel bed. This 
use of dampers for regulation of air to the extension grates, sepa- 
rate from the tuyére area, is an example of a practice that will be 
defined as zoning; that is, the subdivision of the total grate area 
into a number of zone areas, each extending laterally across the 
stoker from one side to the other. 
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is made for the extension grates. 


In these earlier types of air-distribution systems the fuel beds 
were divided into a few relatively large areas. The adjustments 
of the dampers controlling the air flow to the sections were made 
manually and depended mainly upon observations made of the 
fire. 

It is doubtful whether these systems were of measurable worth, 
since the boiler operators were much more successful in produc- 
ing good combustion efficiency by controlling the fuel movement 


rather than by using the air-regulating dampers. Contemporary 


A similar arrangement 


attempts were made by a number of other companies to improve 
the air-regulating methods, and in onecase morethan forty damp- 
ers were installed under a stoker. The results attained, how- 
ever, were far below expectations. 

The shortcomings of the earlier methods pointed out the neces- 
sity for dividing the fuel bed into smaller areas and of providing 
means of controlling the air flow to these areas on a quantitative 
basis. The efforts to incorporate these requirements led to the 
development of the present air-control systems. 
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wall air backs and side-wall tuyéres. 


III—DEVELOPMENT OF AIR-CONTROL SYSTEMS 


One of the first schemes for the quantitative control of air sup- 
plied to the fuel bed by attempting to compensate automatically 
for variations in fuel-bed resistance was conceived by Maxwell 
Alpern. Experimental installations of his apparatus were made 
at the Edgar Station of The Edison Electric Illuminating Com- 
pany of Boston in 1925, and at the Marysville Power House of 
The Detroit Edison Company in 1928. The latter trial installa- 
tion, which was applied to the original section areas, proved im- 
practicable because of coal dust and siftings, which interfered 
with the operation of the dampers, and mechanical complications. 
With the experience gained, however, the system was remodeled 
and simplified to the form which was eventually installed under 
the stokers of Delray Power House No. 38. 


Automatic Arr ConTROoL—DELRAY 


The need for an adequate air-control system for the stokers 
installed at Delray Power House No. 3 in 1929 was apparent, on 
account of the extremely large size of the fuel bed. These 15- 
retort, single-end units with 57 tuyéres in each stack have a pro- 
jected grate area of 611 sqft. Preheated air at 350 F is used. To 
meet this need, the automatic air-regulation system previously 
mentioned was installed. It was expected to provide equal 
quantities of air to each of the fuel-bed subdivisions. 

The general scheme of this installation is shown in Fig. 7. 
The tuyére-stack part of the fuel bed is divided into four approxi- 
mately equal zone areas, corresponding closely to the portion of 
the bed controlled by each pusher. Each zone is subdivided ac- 
cording to the tuyére stacks into 14 parts and air is supplied to 
each of the resulting 56 subdivisions through individual auto- 
matically controlled dampers. Air to the side-wall tuyéres and 
the extension grates, approximately 50 per cent of the total for 
combustion, is not regulated by the automatic-control system. 
The air to the pit area is adjusted by hand-operated dampers. 

Each control unit consists of a duct and two independent cage- 
type dampers arranged in series. The first damper functions as a 


Hand-operated dampers control the air flow to the extension grates. 


No control is provided for air supplied through front- 
Installed in 1929.) 


variable measuring orifice, and its opening is automatically ad- 
justed with variations of the plenum-chamber pressure. The 
second damper attempts to maintain automatically a fixed differ- 
ential pressure across the measuring orifice, irrespective of varia- 
tion in the fuel-bed resistance over that particular area. 

All of the measuring orifices are connected together through a 
linkage system so that all have the same opening. When the 
steaming rate is low, the plenum-chamber pressure is low and 
these orifices are nearly closed. When the steaming rate is high, 
the increased plenum-chamber pressure moves them to a nearly 
wide-open position. The differential pressure across any meas- 
uring orifice is a function of the quantity of air actually being 
supplied to the corresponding fuel-bed subdivision, and if the 
same differential is maintained across all orifices, all subdivisions 
of the fuel bed should receive equal amounts of air. All regulat- 
ing dampers, therefore, attempt to maintain automatically the 
same differential pressure, approximately 1.4 inches of water, 
across the measuring orifices, irrespective of boiler load. The 
motive force for the operation of each regulating damper is sup- 
plied by a gasometer bell, which is actuated by the differential 
pressure across the corresponding measuring orifice. 

Overcompensation of air distribution in order to maintain ap- 
proximately equalized resistances across the sections of the fuel 
bed in a zone area is provided by an iron tube, partially filled with 
mercury, mounted horizontally on one of the levers of each regu- 
lating damper. When the damper is half open, the normal op- 
erating position, this tube is level and the mercury is distributed 
evenly along the tube. If the damper starts to close, the mer- 
cury flows toward one end of the tube and closes the damper still 
further. Thus the air flow to the section involved is reduced be- 
low normal. The reverse action takes place when the damper 
opens more than halfway and the air flow is increased above nor- 
mal. 

After a long period of observation and testing, it has been con- 
cluded that although this system has some desirable features, it 
is lacking in many important respects. Because of its automatic 
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operation, the control does not place any additional responsibility 
on the boiler operator and because it regulates the air, to a 
limited extent at least, fewer manual operations are required in 
the control of the fire. This is particularly noticeable in the ad- 
justment of the pusher strokes, since the more uniform air flow 
lessens the formation of clinkers and helps prevent other forms of 
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in 1929 was a desire to improve combustion efficiency if possible 
and to study the air-distribution requirements of a large stoker- 
At that time three boilers equipped with 14-retort, double-ended 
stokers having a projected area of 636 sq ft including the ashpit 
had been installed and were operating in an acceptable manner. 
A fourth boiler was to be installed the following year. A careful 
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(The tuyére stacks are divided into two zones while the extension grates are the third zone. 


Air is supplied to the fuel bed through 68 individual 


venturi tubes, each equipped with differential gages and hand-controlled dampers. 


fuel-bed congestion. 
to smoke. 

It has been definitely established that both in normal opera- 
tion and under test conditions higher percentages of CO, in the 
stack gas can be produced when the controlisin use. The differ- 
ence is not large but is a definite indication that the principle of 
regulating air flow to small sections of the fuel bed is of value in 
obtaining increased combustion efficiency. 

There are, on the other hand, a number of undesirable and 
limiting features concerning this control system. Because of its 
bulk, a large plenum chamber is required, and in spite of the pre- 
cautions which were taken, its operation is hampered by the dust 
and siftings from the stoker. The initial adjustments of the 
regulating dampers are difficult to make, and, since the air pre- 
heaters of this installation have no bypasses, must be made when 
the boiler is cold. The action of the dampers in operation can be 
observed only through portholes in the plenum chambers. Be- 
cause of the small motive forces available, the equipment has 
lacked sensitivity, a characteristic now recognized as essential if 
the overcompensating feature is not incorporated in the control 
system. Since there is a large pressure drop through the control 
units, the plenum-chamber pressure is practically double that of 
a similar stoker without an air-control system. In addition, the 
control does not report to the operator whether it is functioning 
correctly in respect to quantity and distribution of air. Neither 
does it provide means for adjusting the relative air flow between 
zones. All of these features combine to limit definitely the value 
of this system. 


This leads to a reduction in the tendency 
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The motive underlying the installation of a manually operated 
metered-air-control system at the Beacon Street Heating Plant 


analysis disclosed that while the average combustion efficiency 
based upon stack-gas analyses was good, there were many pe- 
riods during which better results should have been obtained. 
Unevenness of the fuel bed usually appeared to be the cause of this 
inferior operation. It was decided, therefore, to install an air- 
control system that, although concurrent with the Delray instal- 
lation, would be less complicated and yet would permit of a 
greater flexibility and knowledge of air-distribution requirements. 
In the resulting installation, the air supplied to each fuel-bed sub- 
division was metered and the dampers were adjusted manually 
rather than automatically. Because of the success attained by 
this installation, the old sectional air-regulation system of another 
boiler was replaced by an improved hand-operated, metered- 
air-control system in 1931. 

This control system, together with the subdivisions of the fuel 
bed, is shown in Fig. 8. The tuyére stacks proper, because they 
are shorter than those of the Delray single-ended stoker, are di- 
vided into only two zones; the upper comprising 13 tuyéres and 
the lower 16 tuyéres. Air is supplied to each tuyére zone through 
15 adjustable-throat venturi tubes, one for each tuyére stack. 
The air flow in each is regulated by a damper installed in the duct 
above the venturi throat. A sliding wire in a flexible tube ex- 
tending to the boiler gage board is used to operate the damper, 
and the position of the control button on the end of the wire in- 
dicates the position of the damper. Inclined differential draft 
gages connected to the venturi tubes are used to indicate the flow 
of air. The third or extension-grate zone for each of the stokers, 
because of structural difficulties, was divided into only four sec- 
tions. The air to each is metered and controlled in a manner 
similar to that used for the tuyére zones. Thus, for this installa- 
tion, the fuel bed is subdivided into 68 separate areas and as far 
as possible, the control system is applied to all air supplied for 
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combustion. It does not, however, control air which enters the 
fuel bed through small openings around the secondary coal push- 
ers and other similar locations, which may amount to as much as 
20 per cent of all the air required. 

In order to obtain recognizable venturi differentials at low air- 
flow rates and at the same time minimize the draft loss at high air- 
flow rates, the venturi throats were made adjustable. They are 
so constructed that the maximum boiler load can be carried with 
a differential of one inch of water, of which approximately 40 per 
cent is an unrecoverable loss. 

For normal fuel-bed conditions the same amount of air is re- 
quired for all sections of one zone and the dampers should be in 
the same relative position—approximately half open. The boiler 
operator can then close the dampers sufficiently to maintain 
average flow in those sections where the air flow tends to be high 
or open those where the flow is low. With this manual control, 
it is possible to reduce the air flow in any section which tends to 
burn light to an amount below the average for heavy spots. 
This overcompensation undoubtedly could be made to accelerate 
the correction of an uneven fire; but in actual practice the opera- 
tor is instructed to manipulate the dampers periodically in an 
effort to maintain uniform flow in all sections of a given zone. 
To guide the operator in maintaining the proper distribution of 
air between zones, scales on the air-flow gages indicate the proper 
flow for different boiler loads. The overall combustion results 
are indicated by the CO, recorder. 

The frequency with which the dampers must be adjusted de- 
pends upon many different conditions. For low fuel-burning 
rates, adjustments may be required only three or four times an 
hour. For very high combustion rates, however, rather frequent 
adjustments are required to part of the dampers at least, on ac- 
count of the high air velocities through the fuel bed and the ten- 
dency to drifting. 

The efficiency of combustion, already rather high except under 
certain conditions as previously explained, was not greatly im- 
proved by the air-control system, although under test conditions 
it was possible to maintain appreciably higher CO, in the stack 
gas, particularly with the low fuel-burning rates. Curves illus- 
trating the CO, produced with and without the air-control sys- 
tem are shown in Fig. 9. With the higher fuel-burning rates, 
the improvement in CO, with the control in use is due to the more 
even fire which is maintained and to a better air distribution be- 
tween the upper and lower tuyéres. The admission of unneces- 
sary excess air to the combustion chamber through thin spots in 
the fuel bed is considerably reduced. 

The improvement in COQ, as a result of the control at the lower 
fuel-burning rates has a somewhat different explanation. With 
the decrease in boiler output the lower end of the fire thins out 
until there is very little active combustion over the extension 
grates and lower tuyéres. This reduces the resistance to air 
flow and permits large quantities of air to enter the combustion 
chamber when there is no control. While adequate dampers had 
originally been provided for the extension grates, there was no 
method of gaging the effectiveness of their use and the operators 
were reluctant to close them, because of the danger of burning 
castings. Also, there was no method of controlling the air flow 
through the lower part of the tuyére stacks. With the control 
system, the differential gages continuously indicate the air-flow 
rate, and thus it is possible to reduce the air flow to the extension 
grates without danger of destroying stoker iron by a complete 
shut-off of the air. The dampers for the lower zone of the tu- 
yéres can be partly closed until they pass only sufficient air to burn 
the fuel efficiently. This particular feature quite clearly demon- 
strates the need for quantitative control to make any air-regula- 
tion system effective. 

Although the improvement in combustion attributed to the 
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control system appears definite from a test standpoint, a corre- 
sponding improvement in the overall plant performance has not 
yet been demonstrated. During one winter the two boilers 
equipped with the air-control system and the two with the original 
section-damper system were operated for alternate two-week pe- 
riods. Operating records indicated that the boiler efficiency was 
0.3 of a point higher on the percentage scale when the metered 
control was used—a difference which is not sufficiently large to be 
significant. Under these conditions the control adjustments 
were a part of the fireman’s routine. The failure to obtain as 
much improvement as the tests had shown possible suggested 
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that the fireman failed to use the dampers to the best advantage 
and hence confirmed the desirability of automatic and substan- 
tially instantaneous adjustment of the dampers—a feature in- 
corporated in an ensuing installation at Conners Creek. 

Although it was not anticipated at the time the Beacon Street 
installation was made, the air-control system has made possible 
a large increase in the maximum dependable fuel-burning rate 
of the stoker. With the stokers as originally installed, the boil- 
ers had a four-hour maximum steaming rate of 435,000 Ib per hr, 
which corresponds to a coal-burning rate for the stoker of 63 lb 
per hr per sq ft. With the air control, the conditions are so im- 
proved that the dependable four-hour maximum output is 535,000 
lb of steam per hr while the coal-burning rate for the stoker is 78 
lb per hr per sq ft. This is a 23 per cent increase in steaming 
rate, and when all four boilers in the plant are equipped for me- 
tered-air control, they will be able to serve a load which originally 
would have required five boilers. 

The limit of dependable coal-burning capacity, either with or 
without an air-control system, is determined by the ability to 
keep the fuel bed in a workable condition. As previously ex- 
plained, with the high air velocities occurring when operating at 
high combustion rates, there is a tendency to lift small particles 
of coke from the fuel bed and deposit them in drifts in other parts 
of the fire. This action, if permitted to become sufficiently ag- 
gravated, eventually causes whole sections of the fuel bed to 
become thin, while heavy drifts, through which no air will pass, 
make their appearance in other sections. The effect is cumula- 
tive, and it is soon necessary to reduce load until the fuel bed can 
be worked into proper shape and condition. Without an air- 
control system, the fuel-burning rate must be kept sufficiently 
low to prevent this drifting from becoming serious. 

With this manually operated, metered-air system, however, 
the distribution of air is maintained more uniformly and the run- 
away effect just described can be controlled to permit a 23 per 
cent increase in coal-burning rate. The elimination of thin spots, 
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with their resulting high air velocities, minimizes the tendency for 
the small particles of coke to drift. At high combustion rates, 
because of the high flame concentration, mere observation of the 
fire does not reveal the presence of thick or thin spots in the fuel 
bed or congestion due to clinkers. The air-flow gages, however, 
together with the damper positions, indicate these defects to the 
operator, so that the correct adjustment of the rate of coal feed 
and, if necessary, of the pusher travel can be made. It is pos- 
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sible, therefore, to attain the higher continuous fuel-burning rate 
without danger of disrupting the fuel bed. 

Metering the air, as made possible by this system, permits a 
more detailed study of the effects of varying air distribution on 
combustion efficiency. With the dampers provided, the relative 
amounts of air supplied to each of the three zones may be in- 
creased or decreased. In a number of constant-load tests to dis- 
cover the optimum distribution, the portion of air to the upper 
zone was reduced to a minimum and then progressively increased 
to the maximum possible. Corresponding changes in the oppo- 
site direction were made in the portion of air supplied to the lower 
tuyére zone while sufficient air to complete the burning of the coal 
was supplied to the extension-grate zone. Combustion results 
were judged by Orsat analyses of the stack gas, and the optimum 
air distribution thus determined. 

The distribution at the different steaming rates which produced 
the best combustion results is shown in Fig: 10. To maintain 
these conditions, the amount of air supplied the upper zone was 
reduced by partly closing the dampers appreciably below that 
which would have obtained without a damper system. Too large 
a reduction, however, caused severe smoking. It should be 
noted that this particular proportioning applies only to stokers 
using cold air similar to those on which the tests were made and 
may depend also on the pusher stroke adjustments. A compari- 
son of results of these tests with those obtained where preheated 
air is used indicates that due to the increased ignition rate, which 
preheated air provides, the optimum distribution of air may be 
different. 

In other tests, attempts were made to improve combustion by 
altering the length of stroke of the secondary coal pushers. It 
was found, however, that the length of pusher strokes which had 
been determined before the air control was installed were the 


best that could be had. Any large changes resulted in smoky 
stacks. 

Aside from the combustion considerations, this air-control 
system is of measurable value in reducing the cost of stoker main- 
tenance, as will be shown later in this paper. When in use, a more 
uniform air flow is maintained through all sections of the fuel bed 
and localized burning of stoker castings is reduced. 

The use of this type of control, then, has definite advantages 
to offer in the design and operation of a plant. Principally, it 
permits increased steaming rates and lowered maintenance 
charges for the installation to which it is applied. A somewhat 
minor gain is possible in combustion efficiency. ; 

On the other hand the system has certain disadvantages, but 
considering the results achieved, none of them is serious. The 
venturi tubes and dampers necessarily take up a large portion of 
the space in the plenum chamber but the under parts of the stok- 
ers are still sufficiently accessible to permit repairs. Mechanical 
difficulties of a minor nature are encountered occasionally. 

Readjustment of the dampers to bring the air-flow gages in 
line is not so formidable a task as it appears, since ordinarily only 
a few require adjustment at one time. ‘At the high coal-burning 
rates, however, an unbalanced fuel bed may develop quite rapidly 
and consequently more frequent attention is required. Obsery- 
ers have estimated that ordinarily no more men will be required 
to operate the boilers equipped with this type of air control up 
to their full steaming capacity than is required for the boilers 
with no control. In the event that additional labor is required, 
the added cost is far outweighed by the saving in fixed charges 
on the plant investment resulting from the additional steam- 
generating capacity provided by the control. 

The possible advantages to operation which result from the 
use of this control were further demonstrated by subsequent in- 
stallations at the Hudson Avenue station of the Brooklyn Edison 
Company, where an average coal-burning rate of 111 lb per sq ft 
of projected grate area per hr was maintained for a four-hour pe- 
riod. It was observed here that the attention required for man- 
ual control under these conditions might limit its use. This fac- 
tor, together with that which had previously been demonstrated 
in the Beacon Street tests concerning the effect on combustion 
efficiency resulting from continuous attention to damper regula- 
tion, led to the decision to make the control for a new Conners 
Creek installation partially automatic, and instantaneous in op- 
eration. 


Avtromatic Mrrrerep-Airn ConTROL—CONNERS CREEK 


In the rebuilding of the Conners Creek power house, metered- 
air control, for the first time, was an important consideration in the 
design of a large central station. The plant which originally had 
a generating capacity of 180,000 kw served by 14 boilers is being 
reconstructed, using new boilers for higher pressure and super- 
heat to serve eventually 330,000 kw of generating capacity. 

One of the major problems in the design of the new boilers was 
that of providing adequate steam-generating capacity for the 
greatly increased electrical output. Although some increase in 
grate surface was possible, the location of the building columns 
definitely limited the size of the new stokers. The installation 
of additional heat-absorbing surface was possible by increasing 
the height of the boiler house, by installing air preheaters and 
economizers, and by the addition of highly effective surface in the 
screen tubes forming all four walls of the new furnaces. It was 
necessary, therefore, either to use a method of increasing the coal- 
burning capacity of the stokers or to install a larger number of 
boilers of less capacity. 

During the period when this rebuilding program was being 
studied, the air-control installations at Beacon Street were being 
tested and the ability of this equipment to increase the maximum 
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dependable coal-burning rate was definitely established. It was 
decided, therefore, to equip the new stokers with air-control sys- 
tems and thus obtain a greater rate of heat release than otherwise 
would have been practicable. With the stokers equipped in this 
manner, each new steam-generating unit was designed to have a 
two-hour, maximum capacity of 420,000 lb of steam per hr as 
compared with 325,000 lb per hr which would have been the ex- 
treme limit without air control. Present indications are that 
this 420,000 lb per hr steaming rate can be maintained continu- 
ously. The old boilers, occupying the same floor area, had a 
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The regulators chosen for this rather exacting service are sen- 
sitive to such infinitesimal variations in differential pressure as to 
obviate the necessity for contracting the throat at light loads. 
Their primary function is to maintain a constant flow of air to the 
area under control, irrespective of change in fuel-bed resistance. 
It is in this respect that this control differs in operating principle 
from the automatic overecompensating design at Delray, or that 
possible in practice with the Beacon Street or Hudson Avenue 
installations. All regulators of one zone have the same simul- 
taneous adjustment through loading-pressure diaphragms and 
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continuous steaming capacity of 125,000 lb per hr. A total of 
12 new boilers, because of the use of control, instead of a possible 
14 without control, will be sufficient for the completed plant. 

The air-control system used in these installations has meters 
and dampers resembling those at Beacon Street, but the dampers 
are operated by hydraulic-power cylinders controlled from dia- 
phragm-type regulators. The general scheme of the installation 
is shown in Fig. 11. The grate surface of the stoker is divided 
into three zones. Although the tuyére stacks are of the same 
height as those at Beacon Street, thinner tuyéres are used. There 
are 23 tuyéres in the top zone while the remaining 18 tuyéres are 
in the middle zone. The lowest zone consists of the reciprocating 
extension grates. The stoker is 12 retorts wide, and the two 
stokers serving each boiler have a total projected grate area of 
557 sq ft. 

The division of the grate area differs from that which had pre- 
viously been used in that the tuyéres are center-divided so that 
the tuyére stacks are partitioned down the middle. Each ven- 
turi tube furnishes air to the half of the tuyére stack on adjacent 
sides of each retort. This makes each air-control subdivision a 
unit corresponding to the coal retort. Also, the number of ex- 
tension-grate sections, each with separate venturi tube and con- 
trol damper, was made equal to the number of retorts. Thus for 
the double, 12-retort stoker, a total of 72 meters and control dam- 
pers are required for the six zones. 


therefore equalized air flow is maintained continuously through 
all meters. 

Adjustment of distribution between zones is accomplished by 
six zone-loading regulators, each one of which acts in conjunction 
with all 12 air-flow regulators of one zone. By adjusting these 
zone regulators, the amount of air which will flow through the 
meters of one zone with respect to another can be changed to 
meet the requirements of the fire. To readjust the air flow auto- 
matically with change in load, the zone regulators are in part sub- 
ject to air-loading adjustment through a master regulator which 
is influenced indirectly by variations in plenum-chamber pres- 
sure. To change air-flow rates would otherwise require manual 
readjustment of the six individual zone regulators. 

One set of 12 and one set of six air-flow gages are provided for 
each boiler. A gang valve permits the connection of the twelve- 
gage set to all of the venturi tubes in any one selected zone. One 
unit of the six-gage set is connected to a key venturi in each of the 
six zones. With this combination it is possible to check the action 
of all the regulators. It has been found that except when the 
dampers are allowed to reach the limit of their travel, the regula- 
tors maintain a uniform air flow through all venturis in a zone. 
The six-gage unit indicates continuously the relative distribution 
of air between zones. As the reliability of the regulators is es- 
tablished over a period of time, it is anticipated that the 12-gage 
unit and piping may be eliminated. 
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The first boiler equipped with this control system went into 
operation in November, 1934, a second was completed a short 
time later, while a third was commissioned in August of this year. 
The air-control system of the third boiler differs from the first 
two in that damper-position indicators are also provided at the 
control board to give information of relative fuel-bed resistance. 

Tests during the first year’s operation have definitely estab- 
lished that, with the control system, the stokers are capable of 
attaining the coal-burning rate which was expected. Operating 
performance tests of four hours’ duration have been made at 
steaming rates up to 425,000 lb per hr. The coal-burning rate 
at this load is 75 lb per sq ft of projected grate surface per hr. 
The excess air in the furnace was 12 per cent, and there was 
neither measurable combustible in the gases nor smoke at the end 
of the superheater pass. 

It is felt that this control is a distinct step forward in the de- 
velopment over the manually operated type. It has retained 
the basic features of the latter and has provided others that are 
considered desirable. From the operating standpoint it is pos- 
sible to maintain maximum burning rates under conditions of 
high efficiency. Smoking is almost entirely eliminated under all 
conditions of operation. Attention by the operator to adjust- 
ment of the control and the stoker is, under normal conditions, 
greatly reduced. Because of the increased reliability of the 
stoker, the continuous operating period between shutdowns is 
greatly lengthened and maintenance costs are correspondingly 
lessened. 


IV—ECONOMICS OF METERED-AIR CONTROL 


In considering the economic justification for metered-air con- 
trol, it should be remembered that this form of control does not 
replace the usual forms of automatic combustion control which 
adjust the ratios of total air and total fuel in proportion to the 
load demands. Rather, it should be regarded as a supplement 
thereto. It delivers to each subdivision of the fuel bed its proper 
quota of the total air supply. At Beacon Street, which is 
equipped with a well-known system of combustion control, the 
metered-air control serves as a refinement of and in no way an in- 
terference to the former. 

Justification of the investment in metered-air control must re- 
sult from a consideration of the following items: Increased effi- 
ciency of combustion, decreased maintenance cost of stoker, in- 
creased capacity of the unit, intangible items, and cost of control, 
including operating expense. Four of these items represent bene- 
fits which will accrue from the use of the control, while the fifth 
represents the added cost. 


CoMBUSTION EFFICIENCY 


Increased efficiency of combustion is to be expected because of 
the more accurate adjustment of the fuel-air ratio in each fuel- 
bed subdivision. Test results show a marked improvement, 
particularly at the lower steaming rates. The only overall, long- 
time test conducted to date at Beacon Street showed an improve- 
ment of 0.3 per cent. While this appears low in view of the test 
results, a larger differential is possible with use of the Conners 
Creek type of control, because of continuous and instantaneous 
automatic adjustment of the dampers. However, no greater 
improvement should be credited unless and until demonstrated 
by experience. 


MAINTENANCE EXPENSE 


The most important item of expense in the operation of a boiler 
plant after fuel and operating labor, is stoker maintenance. Often 
more can be saved by efforts directed toward minimizing it than 
in attaining higher combustion efficiency. It is an expense sub- 
ject to many variables for a particular installation. Among 


these are the coal-burning rate, the accumulated total of hours 
in service, the temperature of the air supply, the grade of coal 
as well as the skill and attention of the operator. Some of these 
factors are obviously determined by plant design and others are 
to an extent controllable in operation. 

In the Beacon Street Heating Plant a record of stoker mainte- 
nance costs over a period of years of operation both before and 
after the installation of metered-air control, presented in Table 
1, shows for one boiler a differential of 4.2 cents per ton of coal 

TABLE 1 COST OF MATERIAL USED FOR STOKER 
MAINTENANCE—BEACON STREET HEATING PLANT 


No. 5 Borner 
Stoker maintenance material 


Coal burned, Total, Per ton of coal, 
Year tons dollars cents 
—Prior to metered-air-control installation — 
1927 6,510 292.14 
1928 21,370 2135.19 
1929 26,500 1062.69 
1930 20,700 1950.02 
75,080 5440.04 7.2 
— After metered-air-control installation — 
1932 18,400 340.81 
1933 12,600 432.00 
1934 30,438 1072.98 
61,438 1845.79 3.0 


ENTIRE PLANT, Sept. 1, 1926, ro Duc. 31, 1934¢ 


‘Without air control 
Stoker maintenance material 


a, 


Coal burned, Total, Per ton of coal, 

tons dollars cents 

Boiler 1 145,097 8079.35 5.6 
Boiler 2 169,566 7882.41 4.6 
Boiler 5 75,080 5440.04 ines 
389,743 21,401.80 5.5 

—__ With air control —— 
Boiler 4 98,509 3929.32 4.0 
Boiler 5 61,488 1845.79 3.0 
159,947 5775.11 3.6 


2 Year 1931 for No. 5 boiler omitted, as air-control system was installed 
during the year. 


burned in favor of the control. The differential for the entire 
plant is not so great as this, but both boilers equipped with air- 
control systems have a lower cost of stoker-maintenance materials 
than any boiler without the air control. As already mentioned, 
this plant is without air preheaters. 

At the Delray No. 3 Power House, initially placed in operation 
in 1929 and equipped with preheaters for a combustion-air tem- 
perature of 350 F, slightly lower than that at Conners Creek, the 
cost of maintenance material for the years 1933 and 1934 was 
10.5 cents per ton of coal burned. At Conners Creek the new 
boilers were first operated in November, 1934. Although the 
length of time these stokers have been in operation is too short to 
establish the average maintenance cost, it is the authors’ opinion 
that the air control will account for a reduction of about five 
cents per ton below that which would have obtained without the 
control. This item evaluated on the basis of 60,000 tons per 
year coal consumption per boiler would amount to $3000. 

The point might be raised that a comparison of the Delray and 
Conners Creek installations does not illustrate fairly the advan- 
tage attributable to air control for the reason that both have it. 
Delray No. 3 does have control, but of a type and design that, 
although affording some advantages, has also many deficiencies 
compared with the later Conners Creek installation. It is, in 
fact, now planned to substitute air-control equipment of the 
Conners Creek type for that originally installed. 


* Capacity 


Tests before and after installation show, conservatively, that 
the system is capable of increasing the maximum output by. at 
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least 23 per cent. Actually, the control goes farther in its effect 
on output in that the maximum continuous steaming rate is 
caused to approach the two-hour maximum. 

A discussion of this item of capacity raises the question whether 
or not this increase in capacity is obtained at less cost than if 
attained through installation of additional grate area; whether, 
in other words, it is more profitable to increase the burning rate 
on a given grate area or provide more grate. 

While the answer to the question may not be obvious in the 
design of a new plant of which the floor dimensions are not yet 
fixed, the advantages are more evident when it is a case simply of 
greater utilization of existing space. In considering rehabilita- 
tion projects, the floor area as limited by column spacing is, of 
course, an important factor, and the use of an air-control system 
permits the installation of fuel-burning equipment of a capacity 
which otherwise would be impracticable. An actual example of 
this sort of problem was involved in The Detroit Edison Com- 
pany’s rebuilding program at the Conners Creek Power House. 
A successful solution of that problem was made possible largely 
by the fact that the coal-burning rate on an amount of grate 
definitely limited by existing column spacing could be increased 
sufficiently to balance the greatly increased heat-absorbing sur- 
face made possible by the greater height of the rebuilt boiler 
house. 

Because the air-control system has stepped up the capacity of 
the fuel-burning equipment, the necessity of installing the thir- 
teenth and fourteenth boilers for the completed plant will be 
eliminated. Thus the cost of 12 air-control systems at $20,000 
per boiler, totaling $240,000, will offset an otherwise possible in- 
vestment of $1,500,000. 

The returns on the investment through increased efficiency 
and reduced maintenance are necessarily dependent on the pe- 
riod of operation and the output of the unit. Savings in capital 
investment, on the other hand, are in effect continuously through- 
out the life of the equipment. 


INTANGIBLE ITEMS 


There are certain other intangible items to be credited, but 
which are not readily evaluated. 

Availability. At the time of writing this paper six months 
have passed without the need for shut down for repairs to the 
stokers at Conners Creek. Necessarily, any influence which the 
use of this control may have toward extension of the period be- 
tween shutdowns must depend upon the reduction of stoker iron 
burnouts. Although burnouts may occur during periods of 
starting and prolonged banking, they are most frequent with 
high burning rates. Beyond burning rates of 70 lb per sq ft per 
hr, other limitations, such as wall slagging, front-tube and super- 
heater slagging with their attendant and sometimes cumulative 
effects on superheat temperature and drafts, can impose a more 
effective obstacle to further increase of the length of operating 
period than does the stoker itself. 

Smoke and Fly-Ash Nuisance. It is apparent at Conners 
Creek that use of the air-control system on the new boilers almost 
entirely eliminates smoking under all conditions of operation. 
Furthermore, the practically uniform distribution of air through 
the fuel bed and the avoidance of “blowtorch” action appears to 
reduce the amount of cinders carried over into the boiler passes 
and up the stack. 

Operating Attention. The amount of attention involved in the 
operation of a stoker with and without control is dependent upon 
the type of control and the coal-burning rate. Without control, 
there is the constant need of observation of the fire through in- 
spection doors and adjustments of section dampers, pusher stroke, 
and speed of stoker sections. Instead, with the manually oper- 
ated control, the operator reads the air-flow indicating gages and 
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adjusts the meter dampers accordingly for approximately equal 
distribution within a zone and the proper proportioning between 
zones. With the Conners Creek control, the individual adjust- 
ments being automatically and instantaneously corrected, only 
manual readjustment of proportioning between zones is left to the 
operator, thus relieving him of much mechanical routine and at- 
tention to detail. At Conners Creek under the peculiar operat- 
ing conditions existing at present, with only two boilers in service, 
it has been advisable to have one operator per boiler. As more 
boilers are put in service and operators are trained in the use of 
the air control, it is expected that one operator will be able to 
take care of two units. 


Cost or ConTROL 


The cost of metered-air-control equipment depends upon the 
type of control, the multiplicity of units involved, and the num- 
ber of accessories, such as instruments and their incidental piping. 
Generally, in the initial installation there is an overrefinement in 
this respect, which is then followed by simplification. 

The introduction of position indicators for the automatic dam- 
pers at Conners Creek has been found a necessity from the stand- 
point of fuel-bed control. They will permit the elimination of 
all air-flow gages and related piping except one per zone, which 
will be used when adjusting air distribution between zones. Fur- 
ther simplification to lessen the attention of the operator is being 
attempted with a rearrangement of master control devices for 
zone apportioning. These changes, however, will have little 
effect on the cost of the complete equipment which now stands at 
$20,000 per boiler. 

When an additional installation is made at Beacon Street, the 
design probably will be simplified by using curved tube air-flow 
gages which will permit the elimination of the variable-throat- 
area feature of the venturi tubes. The cost of such an installa- 
tion is estimated as $12,500. 

Operating cost for power to supply the Conners Creek automa- 
tic equipment with compressed air and water is negligible. The 
required air supply per boiler is 1 cfm at 8 lb per sq in., while the 
water supply required is 35 gpm at 50 lb per sq in. 

Fan power for equivalent air quantity, as represented in excess 
plenum-chamber pressure, is necessarily more with control than 
without control. With control, the forced-draft fan must de- 
liver to the plenum chamber, for any specific boiler load, the 
quantity of air required at a pressure dictated by the maximum 
resistance of the fuel bed plus that of the control metering boxes 
and dampers. All the dampers throttle the flow, but to a varying 
degree, depending upon zone flow proportioning. Without con- 
trol, the resistance is the average for the fuel bed, the air seeking 
the path of least resistance. Experience, however, seems to 
point to the fact that there is very little difference in the total 
power requirements for forced- and induced-draft fans, either with 
or without control, of the Conners Creek or Beacon Street types. 
The reason for this is that with control the extra plenum-chamber 
pressure required is largely offset by a lower excess-air ratio. 


CONCLUSIONS 


The use of either manual or automatic metered control for the 
distribution of air supplied to large underfeed stokers is justified 
in present-day operation, although the automatic metered con- 
trol accomplishes more as it adjusts the air flow instantaneously 
and continuously, whereas the manual metered control depends 
upon the operator’s observing the air-flow gages and making the 
necessary adjustments. 

The reasons that justify the use of metered-air control are: 

(1) It increases, by twenty-three per cent or more, the maxi- 
mum attainable combustion rate of the stoker which can be 
carried successfully. 
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(2) Stoker maintenance cost is appreciably reduced through 
the reduction of burnouts. 

(3) The availability of the unit is correspondingly improved 
because of less frequent shutdown for repair. 

(4) By reducing the excess air, it gives an improvement in 
efficiency, particularly at the lower fuel-burning rates. 

(5) Smoke is almost entirely eliminated under all conditions of 
operation. 

(6) Because of the increased fuel-burning rate made possible, 
a smaller stoker can be used, which in some cases leads to marked 
saving in the entire boiler-plant investment. 


Although a capable operator is still required, use of the con- 
trol does relieve him of many duties which otherwise would be 
necessary, since any changes in the fuel bed are at once visibly 
indicated and can be readily corrected before the conditions be- 
come acute. 
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Film-Lubrication Theory and 


Engine-Bearing Design 


By E. S. DENNISON,! GROTON, CONN. 


In this paper the data of film-lubrication theory have 
been adapted to the purposes of bearing design for re- 
ciprocating engines, particularly for the case of the high- 
speed internal-combustion engine. Suitable corrections 
for end leakage in short bearings have been incorporated 
and the results are presented in the form of design charts. 
Some published experimental data have been correlated 
with reference to the theory. The flow of oil in pressure- 
fed engine bearings has also been treated, the oil being 
considered as a coolant as well as a lubricant. The paper 
includes a brief discussion of the application of the data 
in design, with remarks on some detail features and prac- 
tices. 


HERE are in existence carefully constructed charts which 

present the results of film-lubrication theory in a form 

suitable for many purposes of design. As a rule these 
charts were prepared with a view to their usefulness in the calcu- 
lation of bearings for rotary machinery such as turbines or gen- 
erators. There is no doubt that film theory is more generally 
applied in that type of design than in the case of reciprocating- 
engine bearings. This may be explained in part by the fact that 
some peculiarities of engine bearings were not provided for in 
the construction of the charts, with the result that their proper 
application is not readily apparent. 

The object of the present paper is to adapt the existing results 
of film theory to the design of engine bearings, especially those 
of high-speed internal-combustion engines. An effort has been 
made to present the data in a form suitable for general use. In 
conjunction with the theory, consideration has been given to 
special aspects such as cooling. 

Published experimental data for bearings similar to those 
considered can readily be compared with the theory. This has 
been done, with two objects: First, to illustrate the extent of 
variation within the region of true film lubrication, and second, 
to estimate if possible the limit of loading, above which film theory 
can no longer be expected to apply. 


1 Blectric Boat Company, New London Ship and Engine Works. 
Mem. A.S.M.E. Mr. Dennison is a graduate of the Massachusetts 
Institute of Technology, class of 1921, with the degree of S.B. in 
Mechanical Engineering. His first position was with the Carbondale 
Machine Company, Carbondale, Pa. In 1922 and 1923 he was em- 
ployed by the U. 8. Board of Helium Engineers, Washington, D. C., 
in the calculation of gas-liquefaction processes used in the extraction 
of helium gas and in low-temperature research. From 1923 to 1927 
he was employed by the Curtis Oil Engine Company, New York 
City, in the development of a supercharged high-speed Diesel engine. 
After a brief connection with the Doherty Research Corporation, 
New York, he joined the Westinghouse Company as development 
engineer, Diesel-engine division, where he was located until he be- 
came associated with his present position early in 1935. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting of THe American Socirty oF MECHANICAL 
ENGINEERS held in New York, N. Y., December 2 to 6, 1935. 

Discussion of the paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until March 10, 1936, for publication at a later date. 

Notz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Some suggestions have also been added on the application of 
the design data in practice. 

The subject of ‘‘boundary”’ lubrication is excluded from con- 
sideration, together with the related questions of oiliness of lubri- 
cants and the relative merits of various metal surfaces for bear- 
ing purposes. The viewpoint is that bearings should be designed 
from the standpoint of film lubrication, and that a capacity to 
withstand partial metallic contact without serious injury should 
be counted as a safeguard rather than as a normal requirement. 


Typr or Brarinec To Br ConsiIpERED 


The bearing to be considered in this paper is typical of the 
main and crankpin bearings of an internal-combustion engine. 
Its special characteristics are assumed to be as follows: 

1 In strueture it is of the complete type. Both bearing and 
journal are substantially bodies of revolution, differing in diame- 
ter by a small clearance. Such a bearing is equally capable of 
withstanding a force acting in any direction normal to its axis. 
In fact, forces acting on engine bearings fluctuate rapidly both 
in magnitude and in direction. It does not follow from the bear- 
ing structure that its pressure distribution will be that of the 
classical 360-deg bearing, and it is known that there is no corre- 
spondence in this respect. 

2 The length-diameter ratio may be small, for example, 0.5 
or even less. 

3 In some cases the bearing may operate with a high degree 
of eccentricity. 

4 The rate of heat generation is sufficiently high so that the 
action of the oil as a coolant, as well as a lubricant, must be con- 
sidered. 

5 The oil is supplied under pressure in such fashion that the 
entire clearance space may be considered as filled with oil at all 
times. Since the oil is normally supplied through grooves or 
holes near the longitudinal centerline, its path of flow to the 
point of escape is generally axial. 

Several of these particulars render this type quite distinct 
from the common partial bearing designed to carry a load acting 
constantly in one direction. Account is taken of its peculiarities 
in the following discussion of the theory. 


ComeLetE Brarine Wire Forcep AxIAL LUBRICATION 


Fig. 1 illustrates diagrammatically the elements of the bearing. 
Oil is assumed to be delivered under pressure to a groove running 
entirely around the center of the bearing. The dimensions of the 
groove are such that there is no noticeable pressure variation 
within it when passing around the circumference. As already 
mentioned, it is assumed that the supply pressure, and the corre- 
sponding rate of flow, are such that the clearance will be main- 
tained full of oil. However, the dynamic load-supporting pres- 
sures are assumed to be unaffected by supply pressure. 

It is apparent that the whole bearing will behave like two 
shorter bearings of length Z, each supporting a load F' equal to 
one half the total load. The discussion will refer to one of these 
sections of length. If it were practicable to dispense with the 
central groove, the carrying capacity obviously might be in- 
creased greatly. Later in the paper, alternative methods of 
pressure feed will be considered. 
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The journal may first be pictured as rotating at a given speed 
under a condition of zero load, that is, concentrically within its 
bearing. Assuming oil supply and other conditions as already 
stated, the case is then characterized by: 

1 An applied pressure per unit of projected area P, such that 
F = PLD. For the initial condition, P = 0. 
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GROOVE 


2 A friction torque per unit length 7. For the initial condi- 
tion, 7’ is the torque required to overcome viscous friction in a 
uniform layer of oil. 

3 A rate of oil flow Q, determined by the initial concentric 
position of the shaft. 

From 7 and Q, given other necessary data, the mean oil-tem- 
perature rise may be deduced. Such an estimate assumes that 
all friction work corresponding to T is dissipated in the oil. 

The journal may then be assumed to take up a succession of 
positions of increasing eccentricity. Each position is character- 
ized by particular values of the three quantities which together 
specify bearing performance. Pressure P of course takes finite 
values for shaft positions other than the initial concentric one, 
and represents load-carrying capacity. The laws of variation of 
P, T, and Q are more or less distinct, but they have a common 
dependence upon eccentricity. Hence, the latter serves as the 
most convenient independent variable to which the possible oper- 
ating conditions of the bearing may be referred. 

In the following sections, the variation of P, T, and Q with ec- 
centricity will be discussed. It is essential to express each vari- 
able in a nondimensional reduced form in order that it may have 
general application. 


NOMENCLATURE FOR PRINCIPAL TERMS 


a = radius of journal, in. 

: journal eccentricity 
¢ = eccentricity: ratio) = ——— 

radial clearance 

D = nominal diameter of bearing, in. 
f = tangential frictional force per unit area, lb per sq in. 
F = load earried by bearing, lb 
h = film thickness at any angle @, in. 
ho = minimum film thickness, in. 
K = end-leakage correction factor for carrying capacity 
L = axial length of bearing, in. 
m = eccentricity modulus = 1/(1 — c) 
N = rotative speed of journal, rpm 
p = oil-film pressure at angle @, lb per sq in. 
Pp, = lubricating-oil supply pressure, lb per sq in. gage 


P = applied load per unit of projected bearing area, lb per 
sq in. 
P’ = reduced expression for bearing pressure 
= (P/uN)(n/a)?, nondimensional 


Q = volume of oil flowing axially through bearing, cu in. per 
sec 
Q’ = reduced expression for oil flow = QuL/p,an’, nondi- 
mensional 
S = total friction power of bearing, in-lb per sec 
s = friction power per unit bearing surface, in-lb per sq in. 
per sec 
T = friction torque acting on journal, lb-in. per in. of axial 
length 
T’ = reduced expression for friction torque = (T'/uNa?) (n/a) 
nondimensional 
V_ = rubbing speed of journal and bearing, in. per sec 
Z { = viscosity, centipoises 
= (kinematic viscosity, centistokes) x (specific gravity) 
8 = angle subtended by effective bearing arc, deg 
y = volumetric heat capacity of oil, in-lb per cu in. per deg F 
n = radial clearance, in. 
@ = angle measured in the direction of rotation from line 
of centers of bearing and journal 
6, = angle 6 measured to point of maximum film pressure 
= coefficient of journal friction 
uw = absolute viscosity, lb-in-sec units = 7/6,900,000 


The so-called eccentricity modulus m has been used in prefer- 
ence to eccentricity c for purposes of graphical representation. 
Both load and friction theoretically approach infinity as ¢ ap- 
proaches unity. Since these relations are asymptotic, ¢ is an 
inconvenient variable when eccentricity is high, say above 0.9. 
By substituting m = 1/(1—c), an open scale is secured through- 
out. The variation of both load and friction with m is gradual, 
and nearly enough linear to facilitate interpolation. Minimum 
film thickness is also easily expressed in these terms, i.e., hy = 
n/m. 

BEARING PRESSURE AND ECCENTRICITY 


One of the familiar expressions in lubrication theory is the 
nondimensional group here designated as 


The expression is developed from the basic equations for oil-film 
pressure, which need not be reviewed here. It meets the require- 
ment of a nondimensional group proportional to bearing pressure. 
As ordinarily used, P’ will include a leakage factor appropriate 
for the particular case; P’,, will refer to the corresponding bear- 
ing without end leakage. 

It has already been remarked that pressure distribution in a 
complete bearing does not resemble that of the theoretical 360- 
deg bearing. Load-carrying capacity as a function of eccentric- 
ity must be found with reference to conditions approximately 
as they actually exist. Attempting to determine the relation of 
P’ to m, for bearings of various L/D ratios, data of the following 
kinds were referred to and utilized in part: 

1 Carrying capacities of partial bearings. Capacities of both 
central and offset types are given by Howarth (1)*. Capacities 
of offset bearings up to m = 40 are given by Barber and Daven- 
port (2). Capacities of 120-deg central bearings up to m = 
100 are given by Needs (8). 

2 Leakage factors, to be applied to carrying capacities. 
Factors suitable to low values of m, and to flat plates under cer- 
tain conditions, are given by Kingsbury (4). New factors, com- 


2 Numbers in parentheses refer to bibliography at end of paper. 
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pletely changing the aspect of bearings operating with high eccen- 
tricity, have been recently given by Needs (8). 

3 Experimental data, showing the extent of the active arc 
and film pressure distribution in actual complete bearings. Such 
data are given by Bradford and Grunder (5), and by McKee and 
McKee (6). Similar data for film-lubricated bearings at ex- 
tremely high eccentricities are given by Stanton (7). 

Finally, friction tests of film-lubricated complete bearings were 
referred to as a means of choosing between two alternative ver- 
sions of the load-eccentricity relationship. 

Experimental results agree in showing that the actual behavior 
is that of an offset partial bearing. Therefore, the central- 
bearing-capacity data were set aside, and attention was confined 
to selecting the proper method of applying leakage factors to 
offset-bearing capacities. 


In passing, it should be remarked that the series of offset bear- 
The offset - 


ings referred to is that described by Howarth (1). 
positions are determined in accordance with a somewhat arbi- 
trary rule, though a very convenient one. However, these offset 
positions are not those of maximum capacity for given eccentric- 
ity, falling short by several per cent. Whether the offsets actu- 
ally occurring correspond more closely to maximum capacity, 
or to the Howarth rule, is not known. At most, the assump- 
tion might lead to a slight underrating of bearing capacity. 

Two procedures for applying leakage factors were considered. 
These are outlined briefly as (A) and (B): 

(A) This procedure is illustrated in Fig. 2. It is based upon 
the Kingsbury leakage factors, together with capacity data for 
partial offset bearings of varying effective arc. Taking any one 
length/diameter ratio (in this case L/D = 1), the proportions of 
the film-pressure area, and hence the factor K, are determined 
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[Factors K from Kingsbury (4); L/D = 1; m = 20; P’o from Barber and 
Davenport (2).] 


by 6. The figure shows the variation of K between 6 = 0 
and 6 = 180 deg. 

Likewise, P’,, is a function of 8; this has been plotted form = 
20 (c = 0.95). The factor K decreases with 8, while P’,, in- 
creases. Their product P’ = KP’, consequently attains a 
maximum at some intermediate arc; in this case at 8 = 67 deg, 
where P’ = 1.16. According to this procedure, these figures for 
8 and P’ are adopted as representing the probable effective are 
and capacity, respectively, for the case considered. Arc £, so 
determined, was found to vary from a minimum of about 26 deg 
for a short bearing with high eccentricity to a maximum of about 
160 deg under the converse conditions. 

The Needs leakage factors were considered unsuited to this 
purpose, since 8 varies widely from 120 deg, the are for which 
they were experimentally determined. 

(B) The Needs leakage factors were applied to P’,, for 120- 
deg offset bearings. While the leakage factors were derived for 
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120-deg central bearings, Needs (3) suggests their suitability for 
other types. No considerable error was expected in applying the 
same factors to offset bearings of equal arc. This method as- 
sumes that @ is always about 120 deg instead of varying widely as 
in (A). 

On comparing the respective results with experimental data, 
method (B) was found to agree more closely with fact and was 
adopted. Active arcs under usual conditions haye been found 
to lie between 90 deg and 150 deg. Further confirmation is 
found in the friction data, which on the whole fit the results of 
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[Central-bearing data from Needs (3); offset bearing data from Barber and 
Davenport (2).] 
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(B) better than those of (A). The reference to method (A) has 
been included because it perhaps represents qualitatively the 
behavior of bearings under extreme conditions, especially short 
bearings at high eccentricities. In Stanton’s tests (7), where ¢ 
was 0.9906 to 0.9984, 6 was 14 deg to 29 deg, approximately, 
for various cases. The attempt to use the method in calcula~ 
tion is hampered by a lack of suitable load factors K. 

Details of the application of leakage factors according to 
method (B) require little comment. Basic capacities P’, for 
120-deg offset bearings, plotted against m, are given in Fig. 3. 
The corresponding curve for central bearings is also shown for 
comparison, indicating the excess capacity due to the offset as- 
sumption as adopted. The difference becomes large only when 
m = 10ormore. Needs (3) quotes values of K varying with c 


re 
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and with the length-width ratio 1/w. To convert these ratios 
to the terminology used in this paper, note that w = Land/ = 
aD/3. Hence L/D = 1.048/(l/w). The factor K is shown by 
Fig. 4, plotted to a logarithmic scale on a base c, to facilitate 
interpolation at high eccentricities. 
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Fie. 5 Design CHART SHOWING RELATIONSHIP OF PRESSURE, 
FRICTION, AND O1t-FLow FuNcTIONS To ECCENTRICITY 


The groups of curves at the bottom of Figs. 5 and 5a express 
the results in terms of P’ as a function of mand L/D. They de- 
scribe the relation of eccentricity to load, in accordance with the 
assumptions. Friction will now be dealt with in a similar man- 
ner. 

Friction TorQuE AND ECCENTRICITY 


It was previously remarked that the friction torque to be 
overcome in rotating a journal is explicitly related to eccen- 
tricity. It is only incidentally related to the applied load, and 
the coefficient of friction \ is at best a by-product of the analysis 
and of dubious value.* Torque as a function of c (or m) will 


3 The familiar diagram, \ versus ZN /P, is open to criticism on sey- 
eral counts. The reciprocal of bearing pressure is no more service- 
able in bearing-load calculations than would be the reciprocal of 
stress (square inches per pound) in any strength calculation. Its use 
in graphic representation causes the significant part of the data to be 
compressed into a narrow corner, to an unreadable:scale, while the 
greater part of the diagram is given over to pressures falling beneath 
the level of practical usefulness. 

The coefficient \, tending as it does toward infinity at small loads, 
is likely to obscure the nature of variations in bearing friction. Fric- 
tion torque passes through three well-defined phases as load is pro- 
gressively applied: (a) an initial figure for the unloaded bearing, 
(b) a gradual rise as load is increased, within the limits of film lubrica- 
tion, and (c) an abrupt rise when incipient metallic contact begins. 
A rough analogy with the ordinary tensile test of a structural material 
is noticeable. The three phases in that case become, respectively: 
(a) unstressed length, (b) elastic extension, and (c) yield. 


therefore be calculated consistently with the load computations 
already made and expressed in nondimensional form. More at- 
tention will have to be given to analytical details than in the 
case of P’. 

The elementary equation for tangential frictional force per 
unit of area on the journal surface is (1) 


nV 

h 2a dé 
The first term of the right-hand member of Equation [2] arises 
from viscous friction only. The second term arises from cir- 


cumferential pressure variations only. For the present case it 
is desirable to develop the two terms separately. The subscript 
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v will refer to the viscous friction and the subscript p to the 
pressure friction. 

Following the assumptions already stated, since the clearance 
space is completely filled with oil, viscous friction should exist 
around the whole circumference. But since only 120 deg of are 
is active in the supporting load, pressure friction will be confined 
to this region. Each part of the torque will be calculated sepa- 
rately, and the two then added. 


Viscous Friction. Referring to Fig. 6, note that h = (1 + 


c cos 0). Also V = 2raN/60 in. per sec... Therefore 
f QrpNa 1 
> 60n (1 + € cos 0) 


Now 1, =viscous-friction torque per unit length and aT, =f, a°dé. 
Therefore 


7 
v 


qe 2ruNas do 
607 (1 + c cos @) 
and 
= 2ruNa’ 
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which upon integration between limits becomes 
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Now introducing the dimensionless counterpart of torque per 
unit of length, that is 


T, = 
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its value in terms of c¢ becomes 


fy Sate : 
EN omaTe Vl) vee [5] 


In order that this amount of friction shall be present, it is . 


only necessary that the clearance be filled with oil. Since this 
condition is assumed, 7’, will occur unmodified, irrespective of 
length. 

A special case is that of the unloaded journal. Since c = 0 
T’, = 77/15 = 0.6580. This is the whole amount of friction to 
be expected, since dp/d@ = 0. Observation of this limiting value 
of 7’, either directly or by extrapolation, is a sensitive check 
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The angles 4, 43, and 64 in the foregoing expressions are as de- 
fined in Fig.6. The angle 6, from the line of centers to the point 
of maximum pressure is defined for this series of offset bearings 
(1) by = 


i 


yy 
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Fie. 7 Frictron-Torqure Functions WiTHOUT LEAKAGE 


upon the accuracy of experimental measurements; yet one ap- 

parently little used. 
Pressure Friction. 

Equation [2] 


Taking the second right-hand term of 


The expression for dp/dé (1) is 


dp  6yVa ee () OG 2] 


do? (1 + ¢ cos 6) 


Substituting as before to eliminate h and V, and reducing in terms 
of dT, 


cee pNa* wr | c(cos 6 — cos 2) fr 18] 
n 10{ (1 + ©¢ cos 6)? 
Replacing T,, by T’, 
04 5 
62 —— 60s 10 
eS EN Oe (9) 
10 J 6; (1 + ¢ cos 6)? 


This integration may be performed either graphically or analyti- 
cally. Inspite of its lengthy appearance, the analytical expression 
is preferable especially for high eccentricities. This expression 
is 


The angles 6; and 06, define the limits of the active arc;/ in this 
case 04 — 6; = 120 deg. Equation [10] is to be solved using the 
same limits, since it is assumed that dp/d? = 0 outside this 
region. Further data needed to fix 4; and 64 include the angle 
¢ and the ratio a/@ shown in Fig. 6; the information is given in 
the sources mentioned (1, 2). 

Fig. 7 gives the solution of Equation [10] for eccentricities 
up to m = 40. The foregoing derivation takes no account of 
end leakage; hence, the torque found is that of the infinitely 
long bearing, and is designated in Fig. 7as 7’,... The same figure 
shows 7’, from Equation [5]. The dominant part played by 
viscous friction is apparent. 


LeaKAGE Factors APPLIED TO FRICTION 


Viscous friction 7’, is unaffected by end leakage. On the 
other hand, 7’, is modified by leakage in the same sense that 
load capacity P’ is modified. Hence, the same factors K, already 
used, can be applied to T’, with negligible error. This being 
so, the total friction in a given case becomes 


PETA ASK Pieris ert at PA [12] 


4 Strictly, the condition for employing K is that the shape of the 
circumferential mean-film-pressure curve, with leakage, shall be 
similar to that without leakage, the ordinates merely being reduced. 
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Fic. 8 EXxprRIMENTAL CORRELATION OF LOAD AND FRICTION FOR 
Various L/D Ratios 
[Data from McKee and McKee (8, 9).] 
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Fic. 9 ExppRIMENTAL CORRELATION OF LOAD-FRICTION AND LOAD- 
EccEntTRICITY 


[Fig. a from data by McKee and McKee (8); Figs. b and c from data by 
Barber and Davenport (2); and Fig. d from data by Stanton (7).] 


Figs. 5 and 5a show the values for T’ corresponding to the P’ 
curves, for the range covered in each figure. 

The diagrams then fully represent the relationships of P’, 
T’, and m in accordance with the chosen assumptions. Ordi- 
narily the design data serve to determine P’. Then m and 7’ 
may be read at once from the chart. The corresponding physi- 
eal quantities (running position or film thickness and friction 
torque) follow by simple calculation. 

While a diagram of the type of Fig. 5 is dimensionally in ac- 
cord with film theory, it is apparent that the exact location of the 
curves is the outcome of an arbitrary choice of assumptions. 
Two possible alternatives were discussed early in the paper, and 
others may suggest themselves. Yet it is probable that the 
diagram cannot at present be constructed in an entirely satis- 
factory manner from analytical data. The assumptions adopted, 
following method (B), are those which lead’ on the whole to a 
better agreement with experimental results. 
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Fie. 10 ExprrIMENTAL CORRELATION OF THIN-FiLtm Loap-FRIc- 
TION RESULTS 
[Data from McKee and McKee (10).] 


The data of Figs. 5 and 5a have been tabulated for reference in 
Appendix 2. 


CORRELATION OF EXPERIMENTAL DaTa 


The greater part of published experimental data for com- 
plete bearings relate friction to load, and in addition there are a 
few figures relating eccentricity to load. Hither can be so repre- 
sented that the extent of departure from the present calculation 
will be apparent. This has been done for the most pertinent 
of available data, and the results are given by Figs. 8, 9, and 10. 
Each test represented is that of a complete bearing, in which the 
clearance was filled either by supplying oil under slight pressure 
or by immersion in a bath. 

To correlate friction results, P’ has been plotted against 7’, the 
eccentricity function m being implicit. Fig. 8, Figs. 9a and 9b, 
and Fig. 10 are of this kind. 

Fig. 8 and Fig. 9a represent the results of McKee and McKee 
for various L/D ratios (8). To Fig. 8d have been added two 
curves taken from earlier results of McKee, namely, those marked 
n/a = 0.00222 and n/a = 0.00044 (9). These represent bearings 
tested after extended running-in, while others in this series were 
not fully run-in at the time of test. 

Fig. 9b gives the data of Barber and Davenport for L/D = 
0.95 and 1.55 (2). 
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.| Fig. 10 gives some of the data of McKee and McKee for bear- 
‘ings tested at very low speeds, hence with exceptionally high 
/yalues of P’ (10).” Tae 

When viewing the P’-7” diagram, it should be recalled that 
the characteristic behavior of 7” is to start from a well-defined 
initial value, to rise gradually as P’ increases, and to jump 
abruptly where metallic contact begins. In these figures the 
curves generally have been stopped just short of the critical 
point where the last sudden rise starts, and as a rule they repre- 
sent what appears to have been true film lubrication. The reason 
for thus stopping the curves is that as already mentioned some 
of the bearings, particularly those of McKee and McKee (8), 
were not completely run-in before test. The point at which 
contact begins in a new bearing is no criterion of what may be ex- 
pected in normal service. Some exceptions should be noted. 
In Fig. 8d, the plot of n/a = 0.001 is based on tabulated figures in 
the reference and is extended to show the rapid rise of 7 near the 
critical point. The same is true of the case n/a = 0.00044 in the 
same figure. Also, in Fig. 10, all points from Tables 1 and 3 
given by McKee and McKee (10) and lying within the scope of 
the chart have been indicated. The bearings were well run-in 
before test. Some of the points show by their location the be- 
ginning of contact. 

Fig. 8c represents the data of Barber and Davenport (2) on ec- 
centricity, for two L/D ratios. 

Fig. 8d gives the results of Stanton (7) under extreme conditions 
not encountered in ordinary bearing design (y/a = 0.020 and 
0.060). The actual effective arcs were only 14 deg to 29 deg. 
Eccentricity was as high as c = 0.9984 (m = 625), yet the load 
was evidently supported by film pressure only. These cases 
illustrate the extreme conditions under which true film lubrication 
may exist. The theoretical curve is merely a rough extrapolation 
of the corresponding P’-m calculation. This diagram inci- 
dentally illustrates the suitability of the present methods in 
representing a wide variety of conditions. 

Referring to the entire group of figures in which a correlation 
with theory has been attempted, several aspects suggest them- 
selves, which can be discussed separately. 

(a) Accuracy of the P’-m Relation. Fig. 8c indicates that at 
L/D = 1.55 agreement is reasonably good, but that at L/D = 
0.95 the theory makes insufficient allowance for end-leakage ef- 
fect. Fig. 8d indicates that at a still higher L/D ratio = 2.50, 

- carrying capacity at a given eccentricity is substantially above 
the theory. All of these suggest a steeper L/D correction for 

_ leakage than has been incorporated in the calculations. The data 
are meager and scattered, and are exceptionally difficult to ob- 

tain. Therefore, though the trend is of interest, it is necessarily 
inconclusive. 

(b) Accuracy of the P’-T’ Relation. A condition which is out- 
standing in each P’-7’ diagram is the discrepancy among the 
experimental results themselves. On dimensional grounds alone, 
all tests at a single L/D ratio might be expected to coincide, 
irrespective of their correlation with theory. In no instance does 
this happen. The data for L/D = 1.00 are the most extensive, 
and this case is typical. The following curves in Fig. 8d are 
derived from a single series of tests, all made with bearings in- 
completely run-in: »/a = 0.01000, 0.00400, 0.00200, 0.00100, 
0.00065, and 0.00046. Of these, the first two come nearest to 
agreement with the calculated curve. The others, with decreas- 
ing clearance ratio, fall in positions of progressively steeper slope. 
On the same diagram, 7/a = 0.00222 and 0.00044 represent bear- 
ings differing from the rest only in the fact of having been run- 
in before testing. These two fall out of their places in the se- 
quence represented by the other six. The former nearly coin- 
cides with the calculated curve. The latter is relatively not as 
steep as n/a = 0.00046. 
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In other words, bearings with large clearance ratios and those 
well run-in come nearest to agreement with theory. Newly 
machined bearings, and those having exceptionally small clear- 
ance ratios, tend to depart from the theory in the direction of in- 
creased friction. Both of these trends are explainable in terms 
of minute roughness of the surfaces. Assuming surfaces of the 
same quality in two cases where 7/a = 0.0100 and n/a = 0.00100, 
respectively, the relative importance of minute projections is 
greater in the latter instance. Their effect is to cause the bear- 
ing to behave as if its clearance ratio were smaller than measured. 
The two bearings will perform similarly only after the projec- 
tions are reduced to the point of geometrical similarity, or to 
such proportions that they no longer play any significant part. 

By the same token, surface imperfections will play a smaller 
part if the journal and bearing are themselves relatively large. 
Fig. 8d is based on tests of a journal 11/4 in. in diameter, as 
compared to 2!/. in. for Fig. 9b. Results in the latter case fall 
somewhat below the calculation. The designer is concerned with 
relatively large bearings normally run-in. For such cases, a better 
agreement with theory is to be expected than under some of the 
exceptional conditions represented in the experiments. 

Fig. 10 presents a fair agreement between theory and experi- 
ment as far as apparent film lubrication extends. When partial 
contact begins, 7” rises quickly off the scale of the diagram. The 
most systematic departure from the curve is at small values of P’, 
and amounts to about —20 per cent. 

A noticeable feature of many of the tests is a rather close check 
at the initial point 7’) = 7?/15 = 0.658. This agreement be- 
speaks the accuracy of the data. The principal exceptions are 
some of the steep curves, for which 7’) as found by extrapola- 
tion is somewhat high. 

(c) Accuracy of the L/D Correction. 
refers principally to the case L/D = 1. The P’-T’ relation is 
somewhat different for other L/D ratios. Inspection of Fig. 8 
and Fig. 9a gives only a rough idea of the suitability of corrections 
incorporated in the calculation. Allowing for apparent dis- 
crepancies in test data, the various L/D ratios correlate with 
theory, roughly, as follows: L/D = 2.8, indeterminate; L/D 
= 0.75 and 0.50, correlation about equal to that for L/D = 1; 
and L/D = 0.25, a wide divergence. The calculations appear 
to be undercorrected for very small L/D ratios. There is 
unfortunately little evidence upon which a realignment of this 
part of the chart might be based. 

The principal effect of a reduced L/D ratio is not so much to 
alter the P’-T’ relation as to increase the running eccentricity. 
Friction tests do not directly afford information in this regard. 

(d) Limit of Film Lubrication. Film thickness estimated 
from experimental data is often extraordinarily small. Some ex- 
treme cases among those represented in the figures will serve as 
examples. The McKee thin-film data plotted in Fig. 10, indi- 
cate that friction was still determined by laws of fluid lubrication 
about to the limit of that chart, or say tom = 40. Radial clear- 
ance 7 for the babbited bearing was 0.00055 in. Accepting the 
calculated load-eccentricity relation, the film thickness becomes 
h, = 0.00055/40 = 0.000014 in., before breakdown. 

Stanton’s calculated film thickness in the tests represented by 
Fig. 9d ranged from 0.000046 in. to 0.000096 in. 

The well-run-in bearing, 7/a = 0.00222 as given in Fig. 8d, had 
an apparent film thickness 4) < 0.000040 in. before contact 
occurred. 

These results agree in placing the order of magnitude of the 
minimum film thickness at 0.00005 in. or less under favorable 
experimental conditions. It is unlikely that any actual design 
could successfully be based upon a film thickness of this order. 
Even assuming the surface extremely smooth, questions of align- 
ment and of foreign particles in the oil remain. Hence, the ex- 
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periments do not suggest any particular eccentricity or film 
thickness as being a suitable limit for design purposes. 


Conciusions From ExpERIMENTAL CORRELATION 


1 Experimental tests of bearings incompletely run-in are in- 
consistent and probably misleading. Not only the critical point 
is affected, but friction is increased throughout the load range. 
Small bearings with low clearance ratio are most affected while 
large bearings with relatively large clearance are least affected. 

2 Correlation between friction experiments and theory is 
fair in the case of well-run-in bearings with an L/D ratio of 0.5 
or higher. The carrying capacity of very short bearings, in 
which L/D = 0.25 approximately, is probably even less than indi- 
cated by Figs. 5 and 5a. 

3 Meager eccentricity data tend to confirm the conclusion 
that very short bearings will operate with higher eccentricity 
than shown. by the charts. 

4 Oil-film thickness and running eccentricity can be carried 
to extremes under laboratory conditions which cannot be ac- 
cepted for design purposes. The experimental results do not 
suggest suitable limits for use in design. 

In the continuation, the relations expressed in Figs. 5 and 5a 
will be accepted as a working basis. 


Fricrion Loss 


The design chart, Fig. 5, is entered by way of the dimensionless 
variable P’, which derives from its physical counterpart, an 
actual bearing pressure P. From the chart is taken T’, also di- 


mensionless. It is then a simple matter to determine the actual 
friction torque and related figures. From Equation [4] by 
transposition 


Ta laNataly)\ lsc See [13] 


where 7’ is expressed in pound-inches per inch of length. 
The total torque for the bearing is LT. Friction power ex- 
pended is 


S = (22 N/60)LT = (1/30)uN%a2(a/n)LT’...... [14] 


where S is expressed in inch-pounds per second. 
Friction power per unit of bearing surface is 


Se S/ 27 — (NEG G0) (cy) eee [15] 


where s is expressed in inch-pounds per square inch per second. 
This quantity is significant for high-speed bearings subject to 
failure by overheating. 

The relation between the force F and the friction torque LT 
which must be exerted to support it is of interest. Referring to 
Equation [1] 


F = PLD = 2a, PuN(a/y)?.. 2.62: -200s [16] 


From Equation [12] 


EL aN OF (Gian) eeaettetetene ert ee {17] 
Dividing and simplifying x 
CHE CY NUE YE). 50% 60.6 won bec 18] 


The object of a bearing design is to support the load with a 
minimum exertion of friction torque, hence, this expression in a 
sense measures the quality of the design. Since it is necessarily 
dimensional in character, it is not a true efficiency, and in fact 
no such simple ratio exists. It can be shown that the coefficient 
of friction X = 2 (T’/P’)(n/a), but radius a as well as \ enters 
into friction-loss calculations. 

Curves of P’/T’ are plotted in Fig. 11. It is noteworthy that 
a small L/D ratio is very detrimental in this regard, especially 


+ 


when a minimum film thickness is to be maintained. A gradual 
improvement in the ratio continues throughout the useful range 
of m. 

The occurrénce of 7 in Equation [18] does not mean that a small 
clearance in general reduces friction loss, since 7 also enters into 
the computation of P’. 


EXAMINATION OF THE PV Propucr 


A eriterion of the severity of bearing loads which has been used 
considerably in the past, and is still persistently used in some 
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quarters, is the PV product, usually (lb per sq in.) X (fps). 
This is, of course, intended as a measure of the amount of friction 
work per unit of rubbing surface and, were it an accurate measure, 
would be valuable because of its simplicity. Therefore, a com- 
parison will be made between this friction-work criterion and the 
corresponding expression based on this analysis. 

To form the product PV, note that V = 2xNa/60 in. per sec 
and that from Equation [1] 


P = puN(a/n)?P’ 


Therefore 
PV =" Gr/30) nN 2a) cleanses (19] 


where PY is expressed in inch-pounds per square inch per second. 

The corresponding quantity based on the present calculation 
is s which is given by Equation [15]. At this point it is not pro- 
posed to deal with numerical results derived from either expres- 
sion, but only with their relative behavior under varying condi- 


tions. This is easily done by dividing one into the other. From 
Equations [15] and [19] and simplifying 
PV/s 525 (aq) (PT) ere ees [20] 


In order that PV may fairly measure the intensity of loading, 
this quotient must be constant. The ratio a/n is likely to be 
about equal in bearings for similar services; therefore, its pres- 
ence in the expression does not greatly affect the case. A study 
of Fig. 11 will make it evident, on the other hand, that P’/T’ 
is not even approximately a constant, and that the PV criterion 


‘is generally untrustworthy. Aside from its inaccuracy as a 


measure of friction, it is misleading as a sole test of a design since 


‘ wt 
} tad 
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it makes no allowance for the great difference in running eccen- 
tricity due to variation in the L/D ratio. 


Oi, FLtow THROUGH THE BEARING 


Axial flow of oil, like load and friction, is a function of journal 
eccentricity, and the amount of its variation is too great to be 
ignored. The two limiting cases will serve to illustrate the point. 
Suppose the journal, while stationary, to be held (a) centrally in 
the bearing, so that the clearance forms a crevice of uniform width, 
, and (6) in the fully eccentric position, making line contact with 

its bearing. The flow in the second case will be 2.5 times as 

great as in the first. When considering the behavior of a bearing 
lubricated in this or a similar way, it is advisable to take account 
4 of the effect, even though the method is approximate. This will be 
done by ignoring journal rotation (which undoubtedly somewhat 
retards flow), and also by neglecting the presence of an active bear- 
“ing arc, where dynamic pressure predominates over supply pres- 
sure. The latter omission is of little consequence, since the active 
_ are is generally the zone of least clearance and since some oil is 
also discharged there as leakage. The assumption of laminar 

flow is undoubtedly in accord with fact. 
The equation for viscous flow between flat parallel plates (11) 

is 

(Dy = IPWGINES oo bop pagasopode [21] 


in which u = mean oil-flow velocity, in. per sec and p, = oil supply 
pressure, lb per sq in. gage. 


Il 


Substituting h = (1 + c¢ cos @) and transposing 


u = (1 + c cos 0)*(p,n?/12yL) 
If Q = oil flow, in. per sec 
dQ = uhadé = (p,an3/12uL)(1 + ¢ cos @)3d0 
and 


p,.an® i 
= —— 2 1 cos 6)? dé 
Ra r (1 + ¢ cos 0) 


Integrating between limits 


Q 


or, grouping nondimensionally 


pe Qala ar < 
Q - oh (1424) We bis ag alae [23] 


The curve of Q’ has been added to Figs. 5 and 5a, enabling 
flow to be estimated in conjunction with other conditions. Re- 
ferring to Fig. 1, it will be recalled that oil flow, like other quanti- 
ties, appertains to one-half of the bearing as shown. 


Megan TeMPERATURE RISE OF OIL 


Expressions for friction work given by Equation [14] and for 
oil flow given by Equation [23], may be combined to give the 
mean oil-temperature rise in passing through the bearing. This 
estimate assumes that all heat generated by friction is dissipated 
in the oil, a condition approached in high-speed engines. 

A typical lubricating oil at the temperature of bearing service 
has approximately a specific heat of 0.47 and a specific gravity 
of 0.915. To fit into the expressions used in this paper, volu- 
metric heat capacity, in mechanical units, is preferred. This 
capacity is y = 0.47 X 0.915 X 778 X 12/27.7 = 145 in-lb per 
cu in. per deg F. 

The heat capacity so expressed varies only gradually with tem- 
perature. 
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From Equations [14] and [23] 


S = (1/30)uN2a2(a/n) LT" 
= Qy At = Q'(p,an?/uL) y At 


Combining and simplifying 


_ 0.00072 (uLNa)? T’ 
Da me Qe 
where At is expressed in degrees Fahrenheit. 
The coefficient 0.00072 corresponds to the case of a complete 
circumferential groove. Where other means of oil supply are 
used a new coefficient must be estimated, inversely proportional 
to flow. 
Fig. 11 shows the variation of the quotient 7’/Q’. 
concentric shaft, 7’,/Q,’ = 27/5 = 1.257. 
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[The ratio L/D is based on total length in each case. 
groove has been neglected in plotting curve b.] 


The width of the 


and m = 6, approximately, the ratio drops below its initial value. 
In this region, increase of flow due to eccentricity is greater than 
increase of friction. While Equation [24] is not to be taken as 
accurate, in view of the assumptions involved, it is a serviceable 
means of estimating for design purposes. The adequacy of oil 
supply is measured by temperature rise so expressed. 

The viscosity » wherever it occurs can be taken as the mean 
of its values at entry and at exit. The in-going viscosity being 
known, there is no direct way to solve for the average since the 
viscosity-temperature relation is not easily expressed functionally. 
Equation [24] enables an average to be found by trial and error. 
No experimental results are available for checking Equation 
(24] nor the expression for oil flow, Equation [22]. 


ALTERNATIVE Mernops or O11 FEED 


The preceding discussion has assumed that oil is supplied 
through a groove running circumferentially around the bearing 
at a point midway of its length. From the cooling standpoint, 
this is unquestionably the best arrangement that can be made. 
Such bearings are widely used in high-speed engines, and their 
durability under severe loads can only be explained as due to 
evenly distributed forced cooling. The weakness of the design 
is that the effective L/D ratio is cut to about one half, as com- 
pared to the same bearing without a groove. Fig. 5 shows by 
inspection that the grooved bearing will in consequence run with 
a much higher degree of eccentricity than one in which the pres- 
sure surface is unbroken. Success of the grooved-type bearing 
emphasizes the importance of forced cooling, where rubbing 
speeds are say 20 fps or higher. 

The loss in carrying capacity due to a central groove is shown 
by Fig. 12. Both curves are drawn for the same eccentricity, 


34 
m = 10. Curve (a) is for a bearing of length Z in which the 
pressure surface is unbroken while curve (b) is for one of equal 
overall length, but divided by the central groove. The width of 
the groove itself has been neglected. Loss of capacity is great- 
est for cases in which the overall length is already small, and is 
substantial in any case. In so far as it may be done without 
sacrifice of effective cooling, the groove should be avoided. 

Oil Holes. Oil-supply holes drilled in either bearing or jour- 
nal, midway of the length, cause a forced flow across the bearing 
face very similar to that from a groove. The attendant loss of 
carrying capacity is not so great, and can be minimized by locat- 
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ing the holes outside of regions where the load diagram shows 
that high pressures are to be expected. 

The preceding discussion of oil flow assumed a continuous 
groove. Where holes are substituted, the capacity for flow, and 
hence for cooling, is usually reduced. It is desirable to compare 
the two systems in a roughly quantitative way, and this has been 
done in Appendix 1 with the following results. 

Let L equal the half-length of the bearing, and assume an 
opening of radius r on the center line as shown in Fig. 136. 
Note that this radius is that at which the rounded opening be- 
comes tangent with the surface. Flow from such an opening can 
be expressed in terms of an equivalent length x of the cireumfer- 
ential groove, about as follows: 


r/L a/L 
0.025 0.68 
0.050 0.82 
0.100 1.04 
0.150 1.23 


The circumference being +D, the number of holes equivalent to 
a complete groove is rD/x. It is usually not possible to use this 
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number, at least not without defeating the original purpose. 
The restriction can be offset by an increase of clearance, but some 
loss of cooling is unavoidable. 

Axial Grooves. Oil grooves cut axially and extending along the 
bearing to a point near each end as shown in Fig. 13¢ appear to 
serve no purpose that cannot be better served without them. 
The same is true of diagonal grooves and of recesses or pockets 
at the parting line. It is sometimes argued that an axial groove 
when properly located supplies oil where it will be swept into the 
region of high pressure. This viewpoint overlooks the fact that 
in a pressure-fed bearing the clearance is continuously filled with 
oil and a surplus is being discharged at the ends. An amount 
in excess of that needed to fill the clearance cannot play a part 
in forming the load-supporting film and is merely superfluous. 
Hence, there is a loss of carrying capacity at one point of the 
circumference, without a compensating gain. 

With regard to cooling, the axial groove is ineffective. The 
flowing oil takes the easiest path, which is through the groove 
to its end, rather than across the bearing face. Therefore, rela-~ 
tively little oil is forced to take a route such that it will efficiently 
remove heat from the metal surfaces. 

The type of flow to be expected with each oil-feed system is indi- 
cated in Fig. 13. 


APPLICATION OF DESIGN CHARTS 


The charts may be applied to any case for which the usual de- 
sign figures are known. It is customary to calculate pressure 
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at crank-angle positions throughout the cycle. When the running 
speed, clearance ratio, and oil viscosity at the estimated operating 
temperature are given, the corresponding P’, m, and T’ can be 
found. 

Fig. 14 illustrates this application in two cases. Each repre- 
sents the center main bearing of a four-cycle engine, the load cycle 
being completed in a 360-deg crank angle. Fig. 14a is taken from 
a high-speed engine while Fig. 14b is taken from a low-speed 
engine. In some respects these cases are typical. On inspection 
(a) appears to be less severely loaded; P’, m, and (to a less de- 
gree) 7’, are alllower. The great difference in the two conditions 
is in the friction power generated per unit of surface, that is, in 
s as given by Equation [15]. Some of the pertinent data for 
each case are given by Table 1. The mean value of 7’ is obtained 
with a planimeter from Fig. 14. 


OIL AND GAS POWER 


TABLE 1 ENGINE MAIN-BEARING DATA. (FIG. 14) 
WARS eli al ecto tia: oe eeide, ites auth (a) (b) 
Running epeed, Toms 645... vga det a ys 850 230 
Dbalt radius’ atime vance ieee acts teen © 3.484 5.000 
Radial clearance , In. s... 22. 60s oe oe 0.00294 0.0050 
Oil viscosity Z, centipoises............. 60 47 
) Oil viscosity wu, absolute................ 9.2 X 1076 6.8 X 1076 
Bearing effective length Z, in............ 3.375 4.09 
L/D 0.484 0.390 
Eccentricity modulus (max) m,.......... 4.7 8.8 
Film thickness (min) ho, in............. 0.00063 0.00057 
CY Mar jc’ Donne Smite Heh onthe geeks eR aeo Bag 0.000181 0.000114 

Friction power per unit surface s in-lb per 

Sq IM per seORas fs.c\e bis eels eee ar atenee ae 447 41 


With reference to Table 1, specific friction power s is more than 
ten times greater in case (a) than in case (b). Bearing (6) is in 
practice built with a tin-base babbitt lining, and has a long record 
of trouble-free service. Bearing (a) is lined with a high-lead 
composition. It has a much shorter history than (6). While it 

_ appears to be successful, it gives evidence of working under severe 
conditions, and a shorter service life is to be expected. 

The described procedure lends itself to a systematic investiga- 

’ tion of variations in bearing dimensions, clearance ratio, speed, 
viscosity changes due to temperature, etc. 

) When applied to a crankpin bearing, allowance should be made 
for the influence of crank-connecting-rod ratio r/l upon relative 
angular velocity. If.the normal angular velocity be taken as 

. unity, the maximum is (1 + 7/1) at top center while the mini- 

‘) mum is (1 — r/l) at bottom center. 


CRITERIA FOR SAFE DrsiagNn 


Three quantities suggested by this study jointly define the 
character of operating conditions in a given case. Each of these 
should be held within a safe limit to insure satisfactory operation 
and service life. These quantities are (a) the friction power per 
unit of surface s as given by Equation [15], (6) the ratio of mini- 
mum film thickness to shaft radius, h,/a = n/am, and (c) the 
mean rise of oil temperature At as given by Equation [24]. 

Quantity (a) defines the severity of service from a standpoint of 
heating alone, a frequent cause of failure in bearings operating at 
high speed. It is proposed to check this aspect of design by s 
in place of PV. The permissible upper limit of s differs accord- 
ing to the type of bearing metal employed. 

Quantity (6) corresponds to the liability to wear, scuffing, etc., 
due to near approach of the surfaces. The ratio ho/a is selected 
in preference to ho because potential failure arises from misalign- 
ment, ovality, etc. (defects which generally are proportional to 
the size of bearing) and not from inability of a very thin film to 
function in accord with theory. It was shown that in so far as 
the film itself is concerned, under experimental conditions, 
ho may be far smaller than could be permitted in practice. There- 
fore, a suitable lower limit can be based upon service experience 
only. When a bearing is to be designed for operation at widely 
varying speeus, ho/a is more likely to be fixed by the low-speed 
condition than by the high-speed condition. 

Quantity (c) determines the adequacy of oil circulation. An 
upper limit should be set, independent of materials or other condi- 
tions. 

In order to establish a numerical figure for each of these limits, 
to be suitable for general application, it would be necessary to 
review a wide variety of cases. The examples to be considered 
should include successful, unsuccessful, and border-line types. 
There has been no opportunity for such an investigation, and no 
figures can be quoted with confidence. ‘This is especially true 
of the heating function s, since metals commonly used differ 
widely in their capacities. For ho/a, a low limit of 0.00010 is 
suggested, and for At, a value of not over 50 F. 

When a design is undertaken which departs in some respects 
from previous practice, there are usually at hand sufficient data 

_on bearings already known to be successful in the kind of service 


= 
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contemplated. Should it be possible to adhere in the proposed 
type to a set of limits defined by calculation of known cases, 
equally satisfactory results can be expected. 


CoNncLUSION 


The described procedure is believed to be a satisfactory ap- 
proximate method of applying the data of lubrication theory to 
engine-bearing design. 

The diagrams shown in Figs. 5 and 5a, expressing the results 
of calculation, are in some degree confirmed by friction experi- 
ments. The attempt at correlation is hindered by what appear 
to be inconsistencies in the experimental data. The least satis- 
factory check is at low L/D ratios, for which the actual carrying 
capacity is probably less than indicated by the charts. Further 
experimental and analytical data should permit a more accurate 
detailed construction of these charts. 

Three criteria are proposed which define the operating condi- 
tions of any bearing installation. Insufficient data are at hand to 
permit dependable numerical limits to be quoted. They may be 
established for a particular type of service on the basis of known 
satisfactory examples. 

In closing, the author wishes to acknowledge his indebtedness 
to A. D. Andriola of the Electric Boat Company, Groton, Conn., 
who completed a large proportion of the numerical calculations, 
and who also contributed the expression for 7”, as given by 
Equation [10]. He also wishes to express his appreciation of the 
interest shown by E. Nibbs, Chief Engineer of the Electric Boat 
Company. 


Appendix | 


Ow Fitow From a Centrat HoLe 


With reference to Fig. 15, the relative rates of flow from a cir- 
cular hole of effective radius r and from a continuous groove, re- 
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spectively, are found by considering two flat parallel plates, the 
circumferential variation of h being ignored. a 

Actual paths of flow will follow a rather complex series of 
curves. As a rough approximation, this curvature is neglected, 
and oil is assumed to flow radially in straight lines to the edge of 
the bearing. The half-length Z is taken equal to unity. 

Let dQ be an element of volume flowing along the path da. 
From Equation [21], taking the distance x along the path of flow 


Now u = dQ/dA, in which A = flow section and dA = hzda, 
Substituting 
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The volume of oil Q is found by graphical integra- 
tion of Equation [25]. 

For a continuous groove, neglecting the width of 
the groove itself, and since L = 1, the flow per unit 
of peripheral length is 


Q = pM/124 = B Q’ 
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The desired result is the number of units of peripheral length 
of groove equivalent to an opening of radius r, which is given 
by Q/Q:, or can be found by eliminating B from Equation [25]. 
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Locomotive and Car Journal Lubrication 


By E. S. PEARCE,' INDIANAPOLIS, IND. 


This paper discusses the economic significance of rail- 
road-journal lubrication and reports on researches made 
on the causes of failure and development of remedies 
therefor as pertain to design, materials, and operating 
practices. 


HE subject of railroad lubrication should not be viewed 

in the light of locomotive miles per pint of valve oil or 

car oil, or per pound of grease, or car miles per pint of oil, 
or even these figures equated to dollars and cents and expressed 
in cost of lubrication per thousand miles. 

Such statistics and the practice of measuring efficiency on this 
basis obscure entirely the economic purpose of lubrication. The 
object of lubrication is to insure continuity and dependability of 
operation of the various units of railroad rolling stock, and reduce 
friction and consequent wear resulting from operation. Lubrica- 
tion costs as such are incidental. They are the premium on in- 
surance against the effects of wear. 

Railroad rolling-stock lubrication is divided into two general 
classes: 

(1) Car lubrication, which may be subdivided into lubrica- 
tion of freight cars and lubrication of passenger cars. All journal 
lubrication of this class uses oil and waste. 

(2) Locomotive lubrication, which may be divided as follows: 


(a) Lubrication of steam cylinders and valves of the loco- 
motive, booster, air pump, and feedwater heater in which 
oil fed by some mechanical means is used 

(b) Lubrication of machinery of valve motion, guides, and 
crossheads in which oil fed by some mechanical means 
is used 

(c) Lubrication of driving journals and main and side-rod 
bearings, in which hard grease is used and the heat of 
the bearing makes it possible to feed the grease in a 
liquid state. This is also journal lubrication. 

(d) Lubrication of engine and trailer trucks and tender 
journals, in which oil and waste are used in the same 
manner as with cars, and 

(e) A type fast growing in importance, which may be classi- 
fied under the general term of automotive lubrication 
such as lubrication of internal-combustion engines with 
oil. 

These classes may be regrouped into two, viz., the lubrication 
of journals, and the lubrication of pistons, cylinders, valves, 
and connected parts. One may be considered the lubrication of 
load-carrying parts and the other the lubrication of power- 
generating parts. 
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Journal lubrication has nothing in common with other classes 
of railroad lubrication and has little in common with industrial 
practice, for which reason it has received little consideration 
from the standpoint of research and development. It is not 
contended that everything is known on the subject of lubrication 
of valves, cylinders, and pistons of steam engines and internal- 
combustion engines, but considerably more is known of this form 
than of journal lubrication. To the general class of journal 
lubrication this paper is primarily addressed. 

From the publication Razroad Facts, 1934 edition, published 
by the Western Railroads Committee on Public Relations, eon- 
sidering the statistics for 1926 as normal, we find that the class-1 
railroads make annually 3,800,000,000 passenger-car miles and 
28,600,000,000 freight-car miles. This service is performed with 
62,000 locomotives, 2,348,000 freight-cars, and 54,000 passenger- 
train cars. Roughly, therefore, journal lubrication involves the 
performance of some 20,500,000 journals. 

Each journal has a bearing, and all but a relatively small per- 
centage are produced by bronze-casting manufacturers. The 
following, is taken from a report of the Copper and Brass Re- 
search Association, March 16, 1931, entitled —‘‘A Survey of the 
Bearing and Bushing Industry.” 


From data which we have obtained, it is evident that the annual 
turnover of copper in the bearing market is in excess of 300,000,000 
pounds. More than two-thirds of the total is accounted for by the 
railroad industry, a market whose extent can be figured with a fair 
degree of accuracy. 


This publication then estimates that there are in’ service on 
railroad cars and locomotives 370.000 tons of bearing bronze 
of which 260,000 tons, or 70 per cent, are journal bearings on cars 
and locomotives. 

The annual turnover of this 260,000 tons amounts to 70,500 
tons or 27 per cent. Of this total 56,255 tons or 80 per cent are 
freight-car bearings. On a basis of 51/2. X 10 journal bearings 
weighing 25 lb, this means the removal and application of 4,100,- 
000 journal bearings annually, or about two per car per year. 

To check this figure a survey was made for a period of three 
years on two class-1 Eastern railroads, and it was found that, 
on the basis of 10,000 freight-car miles, one railroad used from 
2.6 to 2.96 bearings per car and the other from 1.97 to 2.54. 
Passenger cars on one railroad on the same basis of 10,000 miles 
used from 1.28 to 1.4 bearings per car and another from 0.99 to 
1.43. But in this connection it should be recognized that a pas- 
senger car makes in one year’s time from eight to ten times the 
mileage of a freight car and, therefore, on a yearly basis the 
number of passenger-car bearings consumed per car was consider- 
ably greater than that of freight-car bearings. 

During the same period, on these two railroads, on the basis of 
10,000 freight-car-miles, from 1.8 to 3.25 gal of car oil was used, 
and on the basis of 10,000 passenger-car miles, from 1.54 to 3.35 
gal. It is interesting to note that more oil did not mean fewer 
bearings. 

The degree to which lubrication failures contribute to the num- 
ber of wheel changes on a railroad presents two interesting 
conclusions. On one railroad, where 12,000 pairs of wheels were 
removed per year in running repairs, it was found that from 20 to 
40 per cent, depending on the season, were removed for cut 
journals only, the remaining 60 to 80 per cent for other defects, 
practically all those of the wheel. This illustrates the percentage 
by which a considerable item of indirect expense would be reduced 
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by improved lubrication. It emphasizes the fact that any me- 
chanical innovations conducive to improved journal performance 
must not complicate or decrease the facility with which wheels 
can be changed. 

To arrive at the relative operating significance of lubricating 
costs there are two elements to consider: 

(1) Direct cost of lubricating materials and the labor of 
applying and handling. 

(2) Indirect cost due to wear and replacement of parts; 
failure of units due to inoperative conditions of bearings; exces- 
sive use of power due to unnecessary friction; and the resultant 
extent to which the deficiencies of lubrication, due to the ac- 
cumulative effect of the foregoing conditions, become a limiting 
factor in the operation of the units of rolling stock on the railroads. 
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As all railroad costs are predicated on I.C.C. accounting rules 
and regulations, it is unfortunate that specific cost data are not 
available on these items. It would, therefore, be necessary to 
make specific studies, but it is safe to say that direct lubricating 
costs alone are in excess of $15,000,000 per year. To this must 
be added the cost of bearings and all the other items contained in 
the indirect cost, which to one acquainted with the cost of locomo- 
tive and car repairs is easily recognized as a figure several times 
that of the direct cost of lubrication. 

The present journal bearing box is shown in Figs. 1 and 4. Its 
elements are the axle, journal, bearing, wedge, waste, oil, dust 
guard, lid, and box, each of which has its effect on performance of 
the unit as a whole and upon the maintenance of each other. 
Practically no two elements are the products of one manufacture 
or class of manufacture. The quality or development of one 
feature may be nullified by the deficiency of one or more of the 
others, and all by lack of proper maintenance standards or 
practice of the owner or user. 

The actual situation in regard to the railroad journal bearing 
was summed up in a discussion of a paper on heavy-duty anti- 
friction bearings before The American Society of Mechanical 
Engineers, December, 1928. While it is not represented that the 
quotation was directed specifically to the bearings that are the 
subject of this paper, nevertheless it is extremely applicable. The 
discusser said: 


I admit frankly, from a contact of 22 years with the antifriction- 
bearing business, that if the plain bearing had been developed by 
specialists and always kept in the hands of its friends, our problem 
might not have been so easy as it has been. 

That, I think, is an excellent example of the axiom that what is 
everybody’s business is nobody’s business. Every one has assumed 


that he knew everything that was to be known about a plain bearing, 
and the result has been that there have been too many wrong prin- 
ciples in the design, manufacture, and application of plain bearings. 

The antifriction bearing has been developed by its friends, and 
through that concentration of effort the sum total of all the informa- 
tion which has been available has been disseminated, I think usually 
wisely, for the benefit of the user. 


It may be assumed that the present journal bearing and its 
related parts must have given a great measure of satisfaction 
in the past because it has remained practically unchanged in 
the face of advances in mechanical development in the last 
twenty years. 

The present demand for higher speeds, in some cases with 
heavier loads, and ever-increasing operating periods, has intensi- 
fied the demand that journal performance be improved or be- 
come increasingly a factor in retarding economic railroad opera- 
tion, thus further nullifying the money and effort already invested 
in improvements in equipment, materials, and facilities. 

The railroad journal bearing is of simple mechanical con- 
struction. To date little is known of the fundamentals upon 
which its positive successful operation depends. The first fact 
in a constructive analysis for the purpose of finding a starting 
point for improvement is that there is no base line from which to 
measure the performance so far obtained nor to measure the degree 
to which performance can be improved, nor the economies of such 
improvements as are developed. It is further evident that guess- 
work has been all too prevalent in the past and is too expensive 
for the future. 


JOURNAL TESTING PLANT 


As little technical information is available, the first step in any 
advancement of the art is to provide adequate means of observing 
and collecting data representative of operating conditions. It is 
also necessary to have means of measuring the nature and the 
degree to which various elements of bearing construction, lubri- 
cation, and operation affect the performance as a whole and 
the performance of each other. 

In order to collect bearing data to provide means by which this 
improvement can be charted and its economic value measured, 
the journal testing plant here described was put in operation some 
five years ago and has been in continuous operation since that 
time. 

While it seemed at the time the building of this plant was under 
consideration there was ample justification for such a step, the 
results so far achieved made the original considerations seem of 
insignificant consequence. 

Figs. 2, 3, and 4 show the front, rear, and right side, respec- 
tively of the main testing unit. Fig. 5 shows the control-room 
equipment. 

The plant consists of a unit using a standard A.A.R. 5/2 X 10- 
in. axle, journal, brass, wedge, and box, the standard construc- 
tion in general use on one end of a standard A.A.R. axle. This 
axle is supported by two large roller bearings that are flood- 
lubricated by individual pumps for each bearing, circulating 
a stream of oil through the bearing and a cooling system 
in order that conditions may be held constant. At the end of the 
axle opposite the test-journal assembly is a calibrated motor of 
ample size to start under any condition of load up to 30,000 lb per 
journal and operate under this or any other load at any speed and 
at any rate of acceleration. The load on the journal is applied 
to the top of the journal box in the conventional manner as in 
actual service, through a coil spring and equalizer bar connected 
to a suitable lever arrangement, in which the imposed load is 
balanced on the platform of an indicating scale. In this manner 
the load can be varied to any degree at any time and is accurately 
measured. 

Accurate calibration of the plant has established correction 
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factors for all conditions of load, speed, and temperature. By 
virtue of the calibrated motor driving the axle there is recorded 
in the control room directly the reading as to the power con- 
sumed. Indexed with this chart is a record also of speed. Tem- 
perature readings are taken at three points within the bearing, 
and by a suitable thermocouple arrangement the film tempera- 
ture between the journal and bearing surfaces is taken also at 
three points, as well as the temperature of the journal packing 
in the box beneath the journal. Duplicate readings are taken on 
standard instruments. 


Fig. 3 


Openings are cut in the box in such a manner that observation 
of the journal in its relation to the bearing is possible at all times. 
In order that journal operation may be observed at low tem- 
peratures, a standard 5!/. X 10-in. journal box is surrounded 
by a suitable jacket connected to a refrigerating unit so that the 
temperature of the box may be lowered as desired. Fig. 6 shows 
the method of operation under this condition. 

The equipment was built to take the standard 5'/2 X 10-in. 
journal and journal box assembly instead of a5 X 9-in. or6 X 11- 
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Fig. 6 


in. because a survey showed that this size represented the one 
used on the majority of equipment in this country. Another 
reason was to eliminate the criticism that has heretofore existed 
when the mechanical effect of friction has been determined on 
small-scale equipment and the results equated to that of actual 
practice. 
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With this equipment the reliability of any specific element of 
journal operation can be established. Any single factor affect- 
ing the operation such as speed, load, temperature, kind of oil, 
kind of waste, and construction or composition of bearing can 
be varied at a time and all others held constant. When tests 
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involving change of speed alone are run, an eight-hour run is 
made at each speed, usually 5, 10, 30, 50, and 70 mph. The 
machine is operated continuously during this period for eight 
hours at each speed; complete observations are made of all tem- 
Charts of speed and power consumed are also made. 


peratures. 
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BEARINGS 


In railroad practice it has been a long-disputed question 
whether bearings should be broached before application or 
applied to the journal rough and unbroached. The first few 

\hours of operation with any plain bearing are the most critical. 

The usual industrial practice after the bearing has been properly 
broached, scraped, and fitted is to restrict the speed and load to 
which the bearing is subjected until the bearing has had an oppor- 

tunity to wear in. The railroad journal bearing, and particu- 
\larly the car journal bearing, cannot be subjected to a controlled 
condition of restricted speed and load because of the peculiar con- 
ditions of railroad operation. Immediately on its application it 
‘must take its place with and deliver a performance equal to the 
other bearings under whatever condition of load and speed may 
be required. Therefore, the railroad bearing should be ade- 
quately prepared since its satisfactory operation in severe service 
_is of first importance. 
The practice of broaching car journal bearings by the manu- 
/facturer or the user has been quite general. However, the 
economy and justification for this operation have been open to 
) question, in view of the fact that many bearings so prepared fail 
during the initial service period. In some cases this has led to 
abandoning broaching and applying rough bearings directly to 
) the journal. Unfortunately, a distinction has never been made 
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between the service results of bearings unbroached, bearings im- 
properly broached, and bearings properly broached. Obviously, 

j until such performance data are available, conclusions as to 
the merits of broaching and the performance of the car journal 
bearing compared with other bearings have been founded on false 
assumptions. 

In recognition of these facts, a prolonged study of the influence 
of broaching on the performance of car journal bearings was the 
initial work undertaken. The results of the study may be illus- 
trated by the performance of three bearings selected at random 
from a lot of one hundred new bearings. 

Fig. 7 shows these three 5!/2 X 10-in. A.A.R. bearings as re- 
ceived from the manufacturer unbroached, and Fig. 8, the same 
bearings operating under a total load of 16,375 lb; Bearing 1, 
was operated for 19 min at 30 mph, bearing 2 for 26 min at 30 
mph, and bearing 8 for 30 min at 30 mph and for 9 min at 20 mph. 
These bearings were removed because of excessive heat and wip- 
ing of the journal lining. Temperatures of the bearings at the 
end of the periods of service were approximately 380 F. During 
the period of operation the bearings showed a frictional resistance 
of from 7.94 to 9.74 lb per ton. 
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Fig. 9 shows the same three bearings after the first test, 
broached in the usual manner. The bearings were again sub- 
jected to the same conditions of load at the same speeds. Bearing 
1 failed after running 30 min at 30 mph and 10 min at 20 mph. 
Bearing 2 failed after running 30 min at 30 mph and 5 min at 20 
mph. Bearing 3 failed after running 30 min at 30 mph and 3 min 
at 20 mph. The maximum period of service obtained from these 
bearings was 40 min. At the time of failure the bearings had 
reached a temperature of approximately 380 F. The effect of 
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the standard method of broaching resulted in frictional resist- 
ance during the interval of operation from 5.21 to 10.8 lb per ton. 
The appearance of the bearings on removal is illustrated in Fig. 
10. 

The same three bearings were again broached by a special 
method and their appearance is illustrated in Fig. 14. Again 
under the same conditions of load and speed these bearings were 
putin operation. Bearings 1, 2, and 3 were run for 30 min at 30 
mph, 30 min at 20 mph, and 120 min at 50 mph. At the end of 
three hours the maximum temperature of these bearings was 
approximately 200 to 220 F. The frictional resistances recorded 
for this period ranged from 0.87 to 2.73 Ib per ton. The ap- 
pearance of bearings 1, 2, and 3 on removal is shown in Fig. 12. 

The great improvement in the performance of bearing 3 in the 
last test, which was duplicated by bearings 1 and 2, might suggest 
that considerable expense would be involved to produce such 
results on all bearings. Fortunately, the final broaching was 
performed at no greater expense than is incurred in the standard 
method of broaching journal bearings. 


Mersop or BRoacHING BEARINGS 


The method by which the bearings were broached for the last 
test was adequate and proper. This method of broaching con- 
sists in placing the bearing face-up in a special chucking ar- 
rangement shown in Fig. 13, which insures that the bearing 
surface will be broached parallel to the back. The bearing is 
also broached on its exact center. The conditions of the bear- 
ings after service, as shown by a comparison of Figs. 8, 10, and 
12, indicates the effect of this method of broaching as compared 
with the others. The bearing, held in this chuck, is mounted in a 
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broaching machine, illustrated in Fig. 14. The carriage support- 
ing the chuck and its contained load is moved by a hydraulic feed. 
By means of a rapidly revolving cutter, the surface of the bearing 
is broached to a smooth, parallel surface of the desired journal 
radius. The head of the machine containing the rotating cutter 


: 3000 


HYDROSTATIC PRES- | 
SURE CURVES 50 


ine) 
on 
oe} 
Oo 


54"x 10" A RA. Bearing 

Bearing Area - 22.8 Sy In. 

Tota! Load - /6,375 Lb 

Unit Load ~ 728 Lb/Sg¢In. 

78”Radius on Top of Wedge 
- 


I 
Figures at Peak 
of Curve indicate 
Speed in Mph ff 


Hydrostatic Pressure in Lb per $qIn 


=|°(WEDGE VACUUM" < 00° WEDGE PRESSURE - 

& | SPEED CURVE 5 SPEED CURVE 

cae 8 Aas 80 

iS Rete Q 

=6 - = 60 t— 

= toh os 

$4 & 40 

S B 

mae & 20 

aD 

Bol 20 | | alae) 

=o 10 20 30 40 50 60 702 O 10 2 30 40 50 60 70 
Speed in Mph Journal Load- 16,375 Lb Speeol in Mph 


Wedge Vacuum -- 5 Wedge Pressure 


SSSA >> 
SSG 


ARA Std Bearing 


Fia. 16 


BEARINGS NOle2 BEARING NO3 


Fie, 17 


head has motion in a vertical direction relative to the table so 
that the bearing may be broached to standard thickness. The 
final operation of cutting the fillet on the brass is performed auto- 
matically. 

The conclusions drawn from the comparisons studied are 
that the proper broaching of bearings is essential to a low co- 
efficient of friction and a satisfactory operation. 


Loap Conpitions For LUBRICATION 
With the variable of bearing surface eliminated, it is possible to 


investigate pressure and load conditions under which the bear- 
ing must be lubricated. The usual practice has been to divide 
the projected area of the bearing into the total load and consider 
the resulting load per square inch uniformly distributed over that 
area. By means of suitable drilling to pressure points and con- 
nections thereto of gages, the relation of pressure to speed under 
maximum load was determined. Fig. 15 illustrates a typical 
distribution of pressures as they vary longitudinally with speed 
and Fig. 16 the transverse distribution. While these tests were 
in progress, it was noted that the supply of lubricant to, and 
its return from, the bearing was as shown diagrammatically at 
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the left of Fig. 17. Much speculation resulted from the data 
disclosed by these tests. 

Fig. 18 shows the modifications of bearing construction that 
resulted from these speculations as well as certain modifications 
disclosed from an investigation of patent-office records and 
some bearings that were proposed by manufacturers. 

Bearings 1 and 2 show the methods of obtaining film tempera- 
tures and bearings 3 to 7 the préssures. Bearings 8 to 16 
show modifications of bearing area and oil circulation which 
finally developed bearings 18 and 19. Bearings 20 to 25 are sug- 
gested modifications. From this progressive process of investiga- 
tion and elimination resulted the development of bearing 18. 
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Fig. 19 shows the characteristics of bearing 18. 

The design of bearing 18 was perfected because of the following 
functional advantages over the present standard and other 
modifications tested. As will be seen from the right-hand figure 
of Fig. 17: 


(1) There is sufficient oil stored in the bearing to operate 
for a protracted period without dependence on the packing. 

(2) Lubricant is adequately distributed over the journal 
surface. 

(3) Oil serves both as a lubricant and cooling medium for the 
bearing. 

(4) The circulation of oil through the bearing promotes feed- 
ing from the waste. 

(5) Foreign matter is prevented from getting under the 
bearing and from shutting off the oil supply at the rising side of 
the journal. 


Fie. 20 


(6) End leakage because of oil-wedge pressure is practically 
eliminated, for instead of pressure, as in Fig. 16, there is a vacuum, 
‘Fig. 19. 
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Over the last three years, several hundred bearings of various 
sizes in actual service in cars, locomotive tenders, engine and 
trailer trucks, and, in three cases, locomotive driving boxes oil 
lubricated, have substantiated the test-plant results. 


OILs 


The problem of determining the characteristics of the proper 
journal-box lubricating oil does not permit a complete discussion 


Fig. 21 


within either the scope of this paper or the present development of 
the art. 

Generally it may be presumed that the tabulated specification 
requirements of the Association of American Railroads, opera- 
tion and maintenance department, mechanical division, shown in 
Table 1 are representative of present practice. Four kinds of 
oil are covered, summer, winter, all-year, and reclaimed. The 
great majority of freight cars are lubricated with reclaimed oil. 
Oils 1, 2, 3, 4, 5, and 6 are oils that would meet the respective 
season specification with which they are grouped. Certain 
operating characteristics are shown for these six oils to illus- 

trate the divergence of perform- 


TABLE 1 COMPARISON OF SPECIFICATIONS FOR CAR JOURNAL LUBRICATION OIL ance. 
Reclaimed 
-——Summer oil—~ ——Winter a AE med eer er . ofl : There may be a reasonable 
A.A.R.* — Oil Oil A.A.R.2 Oil i .A.R. i i .A.R. 
spec. No.1 No.2 spec. No.1 No.2 spec. No.1 No. 2 spec. doubt as to whether the conven- 
Mash (mtn), best cnc 300 355 365 300 330 350 300 360 #360 250 (min) tional specification constants are 
Saybolt viscosity : ; 
At 210 F min desired......... petancteal ett Bo aubhiens » te SOpER” AOE aula. ay _.. @ measure of an oil as a lubri- 
At 210 F min permitted...... 55 61 55 40 45 47 51 53 40 (min) cant, and whether they antici- 
At 100 F max desired........ 450... A 260.90 Se 56 ra be Par “Age Se acto ok y 
= At 100 F a per ied ee ah nets 25) oe 8 oA 508 an a8 ns (mar) pate properly the requirements 
our point test (max) F......... — ax r : i 
Water, DOT CONG ania ts site ease 0.10 Trace Trace 0.10 Trace Trace 0.10 Trace Trace 0.5 of service and differentiate ad- 
Tarry matter, per cent......... 0.10 Trace None 0.10 Trace Trace 0.10 Trace Trace Not spec. equately in insuring the degree 
Insoluble impurities, per cent.... 0.10 Trace Trace 0.10 Trace Trace 0.10 Trace Trace 0.5 (vol.) j i ; 
Corrosion loss, 500-br service to which the requirements will be 
Bronze, mg per sqdm........ nS 17.33 None None None Devore SUB G ete akon aes aye: 
Lage mg per - Amir eaienis Hei ene <e 16 Hone sees wee wee sdere doyle : 
teel, mg persqdm.......... Roy: 1: one : one one ODE | assignee : 
Tar formed, 500-hr service, by 7 The necessity for two grades 
weight, per cent............. 0.68 None Trace 0.02 ; VSB 3 Brace: oe cana of oil, one for winter, the other 
Friction, kinetic, comparative 4 ‘ 
At 5 mph, lb per ton........ Nee 7p LETS 1.70 1.57 pee 1. a sae for summer, or the substitution 
At 10 mph, lb per ton........ agiki 1.70 1.23 ‘| : n ey eer ae : . 
At 30 mph, Ib per ton........ ‘+ 1.37 1.08 1.26 1.05 119 1.220 1... a a ee tose pine 
t 50 mph, 1 COn Gott tiee 37 : F A , AU ee pepe oil, is predicated entirely on e 
At 70 mph, lb se! COD cis sins 1.24 0.93 g lay Wa 1.01 lige P2 405) Tews a puole y 


2 A.A.R. spec. M-906-34. 
6 A.A.R. spec. M-904-30. 


delayed feeding of oil from the 
waste at low temperatures. The 
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remedy for this lies more in the functional design of the 
bearing than in the characteristics of the oil or waste. 

From a railroad operating standpoint seasonal changes of oil 
on all equipment to get full seasonal benefits are not physically 
possible. In reality boxes packed with winter oil operate in the 
summer and boxes packed with summer oil operate in winter. 
If the theory supporting seasonal oil is correct, most of the rail- 
road journals operate most of the time with the wrong oil. 

To illustrate the degree to which a change in bearing con- 
struction may insure successful lubrication, independent of the 
characteristics of the oil at low temperatures, tests were made. 


Fig. 22 


Four oils of the specifications listed in Table 2 were used in 
packing the box of Fig. 9 with three kinds of waste, making 
twelve separate lots of packing. 


TABLE 2 
Oil Oil Oil Oil 
No. 1 No. 2 No. 3 No. 4 
Viscosity at 210 F...... 54 46 54 51 
Viscosity at 100 F...... 650 215 383 331 
Pour test, F.. eacsva +5 +0 +15 +10 
Plash, Bice oooh nk 295 370 395 380 


Twelve tests were made with bearing 18, Fig. 18, and twelve 
with bearing 1. 

In each test the journal was operated at normal atmospheric 
temperature for a period; rotation was stopped under full load 
and the refrigeration unit turned on; temperature within the 
box reduced to —10 F and held more than 12 hr; after which, 
with the temperature at —10 F, operation was started at 30 mph. 

Bearing 1 suffered a complete or partial failure in six out of the 
twelve tests. Those that were successful were with oil No.3. A 
typical condition of failure is that shown in Fig. 20. Bearing 
1 required some rebroaching after each of the twelve tests. 

Bearing 18 operated successfully and normally throughout all 
twelve tests, and was not removed until all tests were completed. 
Fig. 21 shows the condition of the bearing on removal. 


WASTE AND PAcKING 


The use of inferior journal-box packing, oil-saturated waste, 
is a contributing factor of considerable consequence to failures 
in car journal lubrication, because reclaimed and renovated oil 


and waste are used to lubricate a large percentage of railroad 
rolling stock, particularly freight cars. The use of this material 
is justified only as an economy measure when the material is of a 
quality adequate for the demands of the service. 

That there is not a general appreciation of the requirements of 
service is indicated by the existing A.A.R. specification for re- 
claimed oil, Table 1, and those regulations covering the quality of 
reclaimed packing. Under these existing specifications Journal- 
box packing containing 3 per cent coarse dirt, 7.74 per cent fine 
dirt, 3.3 per cent moisture, 2.86 per cent tar, and 4 per cent metal- 
lic soap would meet the requirements and, therefore, be con- 
sidered the equivalent of new waste and oil since the use thereof is 
permitted in lieu of new material. In a journal box containing 
10 lb of journal-box packing there would be more than 2 lb of 
material of a nonlubricating nature and of a nature which would 
impede the feeding of the oil to the journal by the waste. This 
condition is possible because of the omission from the specifica- 
tions of requirements which would limit or exclude the presence 
of such material from properly renovated or reclaimed journal- 
box packing. A specification should be written recognizing 
these elements of contamination and limiting them in amount 
to a maximum of one-fifth the respective amounts shown. Be- 
cause of the large interchange of equipment between railroads the 
absence of an adequate specification to insure the use of proper 
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Fig. 23 


journal-box packing by one road is reflected in the operating 
results of another. 

In the service obtained from jonentoe packing made of 
new waste and new oil the principal difficulties experienced with 
new waste are attributable entirely to improper methods of 
saturating the waste with the oil and the presence of lint in the 
new material, the removal of which greatly improves the func- 
tioning of the waste as a feeder of oil to the journal. 


Dust GUARDS 


Proper sealing of the journal box at the point where the journal 
enters the box is of importance, not only to keep the oil in the 
journal box but to exclude dirt and water as an element of con- 
tamination. 

Investigation of the efficiency of various dust guards was car- 
ried on on the specially designed machine, Fig. 22. This ma- 
chine consists of a rotating shaft extending through a box con- 
sisting of two dust-guard cavities so that two dust guards may be 
tested at one time. The shaft is the size of the axle entering a 
6 X 11-in. journal box. The special box is filled with waste and 
oil at the proper saturation. The shaft is operated at a con- 
stant speed of 50 mph and at the same time moves back and forth 
through the box by an amount equal to the full permissible 
lateral motion of an axle. At the same time the box may be given 
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a vertical motion of varying amount. With this testing unit 
investigations were made of existing dust-guard constructions, of 
which style A, Fig. 23, is representative. 

From the development work on this machine the sealing 
means or dust guard, style B, was developed. It was found with 
prevailing types of dust guards there was an inadequate seal, not 
only against the leakage of oil around the axle itself, but likewise 
to an even greater degree through and out of the dust-guard 
cavity at the bottom. Style B was developed in order to produce 
a gasket seal of a flexible and yielding structure against the walls 
of the dust-guard cavity and also an adequate seal around the 
axle fit. Fig. 24 illustrates the installation of the dust-guard seal 
in the present type of journal box before it is slipped over the 
axle. 


CONCLUSIONS 


The measure of the foregoing developments lies (1) in the 
degree to which continuity of operation is improved and (2) in 
the cumulative effect upon reduction in journal friction with the 
consequent resulting reduction in wear. 
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Fig. 24 
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As a measure of the accomplishment of the second objective, 
comparison is made of the journal running frictional resistance in 
pounds per ton of bearing 18 with the roller bearing under the 
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same conditions of load, using the same oil (oil No. 2, Table 1), at 
speeds up to 70 mph, Fig. 25. 

Continuity of operation by the elimination of lubrication 
failures lies in the proper preparation of packing, modification of 
bearing structure, and protection of these two by an adequate 
dust-guard seal. 

Elimination of bearing failures, due to cracked, broken, or 
loose linings, cracked or broken bearings, lugs or collars, by 
the selection of the proper bearing back, lining metal, and the 
application of the lining to the bearing back, have been the sub- 
ject of careful analysis. From this analysis has resulted the 
adoption from automotive practice of the forging process for the 
brass back instead of casting, and the centrifugal lining of the 
bearing instead of mandrel lining, and finally the selection of an 
improved babbitt metal. 

By adoption of these developments, which retain all the struc- 
tural elements of the existing equipment, journal operation will 
cease to be a limiting factor in the operation of railroad rolling 
stock and the direct and indirect expense now incurred will be 
greatly reduced. 
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A Study of the Turning of Steel Employing 
a New-Type Three-Component 


Dynamometer 


By O. W. BOSTON! anp C. E. KRAUS,? ANN ARBOR, MICH. 


This paper is intended to present the results obtained 
in measuring with a new type of dynamometer the three 
components of the cutting force when turning with single- 
point tools. This dynamometer measures the cutting 
force as a function of the elasticity of its steel members. 
The forces are read on dial indicators and are not recorded 
graphically. The dynamometer is very rigid and simple 
in construction. It was developed by the authors to over- 
come many difficulties of calibration inherent in hydraulic 
recording dynamometers previously used by them. 

In the turning of steel, the cutting force is conveniently 
resolved into tangential, radial, and longitudinal compo- 
nents. The tangential component accounts for practically 
all of the power required to remove the metal, the longi- 
tudinal component accounts for the power for feeding the 


N ACCURATE knowledge of the tangential, longitudinal, 
and radial components of the cutting force in the turning of 
steel and the variables affecting them is useful in designing 

machine tools, in selecting material for a part, or in the design of 
the part. Lighter, faster, more rigid, and more accurate machine 
tools are possible as a result of the use of these data in computing 
sections, etc. When a variety of materials will answer the pur- 
pose, a selection on the basis of cutting forces may increase pro- 
duction and accuracy. The part may be designed to withstand 
these forces, thereby reducing deflections caused by the forces 
on the tool. 


MatTeriaL AND EquipMENT USED IN MaKING THE TESTS. 


The Material Used. A low-carbon steel twice annealed was used 
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tool along the cylindrical work, and the radial component 
holds the tool to the correct depth of cut and in so doing 
produces no power. The magnitude of these forces and 
their relation to each other varies widely for different 
metals. Fora given material they change as the feed and 
depth of cut are changed, or as the tool shape is changed. 
Only slight changes result from a change in cutting speed. 

This paper presents the results of a fundamental study 
of several phases of machinability in which the three com- 
ponents of the cutting force are determined for various 
tool shapes and sizes of cut. The built-up edge, its shape, 
size, and stability are studied as functions of the cutting 
speed. The temperature developed at the cutting point 
as affected by the cutting speed was determined by the 
tool-work thermocouple. 


in the study discussed in this paper. A chemical analysis of the 
steel showed 0.21 per cent carbon, 0.27 per cent manganese, 
0.030 per cent sulphur, and 0.022 per cent phosphorus. It was 
obtained as 6-in. square blooms in 4ft lengths. Physical tests 
of the steel indicated a yield point of 19,900 lb per sq in., an ulti- 
mate strength of 54,000 lb per sq in., a reduction of area of 60 per 
cent, an elongation of 35 per cent in 2 inches, and a Brinell hardness 
of 99. 

The Equipment. A14-in. swing 16-speed, geared-head lathe 22 
in., between centers, was used. It was equipped with a vari- 
able-speed, direct-current motor so that any possible cutting speed 
within the range could be obtained. A three-component-force 
dynamometer, designed and built by the authors, was mounted 
on the lathe in place of the compound rest. The machine with 
the dynamometer in place is illustrated in Figs. 1 and 2. 

The construction of the dynamometer is simple. The axis of 
the central one-piece spool carrying the tool holder on one end is 
supported by two disks which are clamped securely at the pe- 
riphery in the square housing. One disk is at the rear end of the 
axis, as seen in Fig. 2, and the second is at the forward end just 
back of the tool holder. The force on the tool bit supported in 
the holder at the forward end of the axis causes the axis of the 
spool to bend. The tangential and longitudinal components of 
the force are recorded on two dial gages mounted on the rear of 
the housing through a system of amplifying levers resting against 
the center of the axis of the spool. The radial force deflects the 
shaft along its axis by dishing the disks. A series of levers again 
transmits the deflection to the dial gage at the right. The whole 
device is locked into one rigid unit. 

The dynamometer is simple, rugged, and foolproof. The 
calibration curves Fig. 3, show the relation between the force and 
gage readings. These are straight lines so the cutting force can 
be found by multiplying each dial reading by a given factor. 
These figures are 18.5 for the tangential, 27 for the radial, and 
14.5 for the longitudinal forces. The dynamometer was calibrated 
up to 3200-lb tangential, 1800-lb radial, and 900-lb longitudinal 
force. It is probable that the dynamometer can be used for 
forces much higher than these, however, because of its rigidity. 
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LATHE AND THREE-COMPONENT DYNAMOMETER 
USED IN THE TESTS 


Fie. 1 


Fie. 2 Tur THreE-CoMPpoNnENT DYNAMOMETER 


The maximum deflection of the cutting edge of the tool is about 
0.002 in. The calibration curves apparently are unchanged by 
use, heat, or cutting fluid. Because of its weight and rigidity, 
chatter is practically eliminated. Several tool shapes which were 
impossible to test in a solid tool post of the lathe because of ex- 
cessive chatter, operated without chatter when supported in the 
dynamometer. 

The Tool Bits. High-speed-steel tool bits 3/s-in. square of the 
18-4-1 type were used. The tool shape selected as standard had 
an 8-deg back-rake angle; a 14-deg side-rake angle; a 6-deg 
front-and-side clearance angle; a 6-deg end-cutting-edge angle; 
a 0-deg side-cutting-edge angle giving a setting angle of 90 deg, 
since the axis of the bit was set at 90 deg to the axis of the work 
throughout the tests; and 3/¢,-in. nose radius. The tool signature 
of this bit then is 8-14-6-6-6-0-3/64R, listing the angles in the 
order given. For simplicity, all tool shapes are referred to by 
their signatures. The sets of tool shapes tested can be classified 
as (1) those having variable side-rake angles of 0, 6, 14, and 22 
deg (2) those having variable back-rake angles of 0, 8, and 14 deg, 
(3) those having variable side-cutting-edge angles of 0, 30, and 
45 deg, and (4) those having variable nose radii of 1/3, 3/¢4, 3/16, 
and 1/, in. The selected standard bit was common to all sets, 
making in all eleven tool shapes. 

The bits were ground carefully on a special rebuilt cutter 
grinder using the face of a cup wheel. The surface produced was 


similar to a high-class surface grinder-finish, and the angles were 
accurate and reproducible to a fraction of a degree. All tests were 
run with the bits in the freshly ground condition, the bits being 
reground at the first sign of dulling. The tools were ground on 
the machine to a sharp point. The point then was ground to a 
radius by hand to conform to a standard radius gage. The radius 
and face then were honed lightly to remove burrs. 
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Cutting forces were recorded using the three-component dyna- 
mometer so that the tangential, longitudinal, and radial com- 
ponents could be determined separately for various values of 
feed and depth of cut for each of several shapes of tools. Values 
of feed and depth of cut were selected so the results could be 
plotted at approximately equal increments along the abscissa 
axis of log-log paper and at the same time cover a fairly wide 
range in values. The depths used in the tests were 0.030, 0.050, 
0.100, and 0.150 in. Each depth of cut was run at four different 
feeds. The feeds selected were 0.0077, 0.0127, 0.020, and 0.030 
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in., respectively. This made 16-sizes of cuts taken TABLE 1 SUMMARY OF CUTTING-FORCE EQUATIONS 


Tool Tool Tangential Longitudinal Radial 

by each tool shape. no. signature force force force 
The tangential and longitudinal forces obtained i eae oe pg 112500 f0-5441.70 4670 f0-76q0-42 

iy : ee ee, LU ae, eee Lee 2a S-6-6-6-6-0-. iY 0.517 1.55 0.70 

from the sixteen sizes of cut with the standard tool 3 8-14-6-6-6-0-3 764 R 133000 rant Rae eee ee Pouce 
. -22-6-6-6-0-. i 12600 f--42d1-35 704 f0,46q0.13 

shape are shown plotted as ordinates on the log-log 5 0-14-6-6-6-0-3/64k 156000 70-38¢ 51000 f0-52q1.98 5090 eal 

paper in Fig. 4. Values for constant feed over the § Meee hae ene Le 28000 f0-47q1- 98 416 fo-47 
2 at -§-6-6-. 5, a 3 0.60 1. 28 0.48 0.84 
variable depth are plotted at the left and values 8 8-14-6-6-6-45-3/64R 88000 hae Baa ee Aeron pongo 

: 9  8-14-6-6-6-0-1/32R 137000 /-84d 34300 f0-48q1-45 692 f0-58 
for constant depth over the variable feed at the 10 8-14-6-6-6-0-3/16R 58000 f0.68d0.83 31800 fo-s7g1-31 7oB0 6840.47 
right. Considering the tangential force, the highest 11 8-14-6-6-6-0-1/4R 41000 f0-59q0.79 30000 /0-68q1.22 14600 f0.84d0. 48 


line on the left represents the tangential force for all Norn: The material cut_was annealed low-carbon steel, when using °/s-in. square 
high-speed-steel tool bits. The cutting was done dry at approximately 80 fpm on a bar 


depths of cut except for a constant feed of 0.030 in. from 4 to 6 in. in diameter. 
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(Annealed 0.21-C steel; cutting dry.) (Annealed 0.21-C steel; cutting dry.) 
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The highest line of the tangential force on the right represents 
those forces obtained for various feeds at a constant depth of 
cut of 0.150 in. 

It is convenient that these data may be represented by straight 
lines. The force equation, as a function of variable feed and 
variable depth, considering again the tangential force only as 
shown as the highest lines in Fig. 4, may be expressed as 


if 2G gin 


where 7 is the tangential component of the cutting force; C is 
the constant depending upon the tool shape, material cut, cut- 
ting fluid, ete.; f is the feed in inches per revolution; d is the 
depth of cut in inches; and a and b are the exponents to be de- 
termined. 

Since f and d are independent variables, one must be held 
constant while the other is varied in order to determine its effect. 
Holding the feed f constant in studying the influence of variable 
depth d would change the equation to 


Ticket 


where K is a new constant equal to Cf’. Plotting the tangential 
forces for a given feed at various depths, as shown by each of the 
four lines in the upper left of Fig. 4, the following equation is 
obtained 

log T = blogd + logK 


This represents the equation of a straight line of the form 
y=mert+e 


where m corresponds to 6 and is the slope of the line. The slope 
also may be represented by the tangent of the angle made with 
the horizontal. 

The feed exponent is obtained in a like manner. Also, corre- 
sponding equations for L and R, the longitudinal and radial com- 
ponents, respectively, are similarly determined. 

The equations for the three components of cutting force for 
each of eleven tool shapes are summarized in Table 1. In order 
to visualize the effect of the various tool-shape angles, Figs. 5, 6, 
7, and 8 have been prepared. Fig. 5 shows actual cutting forces 
for a feed of 0.030 in. per revolution and a depth of cut of 0.150 
in., plotted over various values of the variable applied to the 
standard tool. 

The curves shown in Fig. 5 would have different forms for any 
other size of cut, inasmuch as the feed and depth exponents are 
not the same for the different tool shapes. It will be noticed that 
the tangential and longitudinal forces drop considerably with 
increasing side rake, as shown at the upper left in Fig. 5, but 
drop very little for increasing back rake, as shown at the upper 
right of the same figure. The radial force is affected but little 
by a change in side rake, but is greatly decreased by increasing 
the back rake. Increasing the side-cutting-edge angle or the 
nose radius seems to give the same effect on the forces. The 
tangential component is increased slightly, the longitudinal 
component is decreased slightly, and the radial component is 
increased markedly, as the side-cutting-edge angle and nose 
radius are increased, as shown in the lower part of Fig. 5. 

Fig. 6 shows the values of the feed exponent plotted over the 
tool-shape variables applied to the standard tool. A rather 
surprising range of values is found in nearly all cases, showing 
that a change in tool shape materially influences the value of the 
feed exponent. By changing the exponent of the feed in the force 
equation, the values of the forces themselves are changed. 
Obviously, for this material the optimum tool shape from the 
cutting-force standpoint may be quite different for each of 
several different feeds. 

Fig. 7 shows a similar set of curves indicating the wide range 


TABLE 2 CUTTING-FORCE AND FORCE EQUATIONS? 
Tool No. 1 Tool No. 2 


Tool signature.............. 8-14-6-6-6-15-3/64R 8-22-6-6-6-15-3/64R 


Tangential force............. ees od hago isch ane 
Longitudinal force........... aoe fae ie Li, 

i = 7300 f0-74q0-28 25700 f0-84q0-38 
Radisl foree ath 058 Jeu} 320 Ib 450 Ib 


@ When turning an annealed S.A.E. 3135 steel dry at 50 fpm with */s-in. 
square high-speed-steel tool bits. Force values listed are for a depth of 
cut of 0.150 in. and a feed of 0.030 in. 


FORCE IN POUNDS 


FORCE IN POUNDS 


° 0.010 0020 0.030 


FEED IN INCHES FEED IN INCHES 


Fic.9 TANGENTIAL, LONGITUDINAL, AND RapIAL Forces For VARI- 
ous Dreprus or Cur anp Frrps WHEN MaAcHINING ANNEALED 
S.A.E. 3135 Steen Wits a Dry Cut at 50 Fem anp WITH 

3/s-In. SQUARE Hi1GH-SpEED-STEEL Toot Birs 


(The solid lines are for tool No. 1 of Table 2 which has a 14-deg side-rake 
angle and a 15-deg side-cutting-edge angle. The dashed lines are for tool 
No.2 which has a 22-deg side-rake angle and a 15-deg side-cutting-edge angle.) 


of values of depth exponent as a function of the tool-shape vari- 
ables. Peculiarly, the depth exponent of the tangential com- 
ponent is affected but little by any changes until large side-cut- 
ting-edge angles or nose radii are used. The radial force is not 
influenced by depth for a number of tool shapes. The radial 
forces for variable depths of cut were, however, too erratic in 
many cases to obtain a very accurate exponent. Fig. 8 shows the 
effect of the tool-shape variables on the constants of the three 
equations. The values of the exponents of the feed and depth 
also materially influence the values of the constants. 

Inasmuch as the 0.22 per cent carbon steel was soft, the force 
values represented by equations in Table 1 might not be applicable 
to the higher-strength steels. For this reason, formulas for the 
tangential, longitudinal, and radial forces are given in Table 2 for 
two commonly used tool shapes when cutting an annealed S.A.E. 
3135 steel. The force values and equations for tool No. 1 of 
Table 2 may be compared with tools Nos. 3 and 7 of Table 1 used 
in cutting the low-carbon steel. For the 15-deg side-cutting-edge 
tool, when cutting the low-carbon steel, the values of force in 
pounds, feed exponent, depth exponent, and constant may be 
read directly from the curves in the lower left-hand corner of 
Figs. 5, 6, 7, and 8, respectively. For instance, when cutting the 
low-carbon steel, the force for the 15-deg side-cutting-edge tool is 
found to be about 1090 lb, from the lower left corner of Fig. 5, 
as compared with 1250 Ib for tool No. 1 in Table 1. The respec- 
tive longitudinal and radial values are 400 lb as compared with 
480 Ib, and 200 Ib as compared with 320 lb. The S.A.E. 3135 
steel probably represents an average difficult machining steel, 
whereas the low-carbon steel represents one of the easiest machin- 
ing steels. 

It is interesting to record Taylor’s formula for cutting an 0.34 
per cent carbon steel annealed to a tensile strength of 70,280 lb 
per sq in. The equation for tangential cutting force was T = 
230,000 df°-9%4, For hard steel, the constant was 296,000. 
Taylor used his round-nosed forged tools with 8-deg back rake 
and 14-deg side rake, when cutting at 60 fpm. 
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Fig. 9 has been prepared to show better the values of the cut- 
ting force for both tools in Table 2. This gives the cutting forces 
for various combinations of depth of cut and feed. On the left 
is shown the tangential cutting forces for any value of feed up to 
0.030 in. for five different values of depth of cut. The solid line 
represents the cutting force for tool No. 1 having the 14-deg 
side-rake angle, and the dashed line represents the cutting 
force for the corresponding conditions for tool No. 2 having 
a 22-deg side-rake angle. In the lower left are shown the 
values of the longitudinal component of the cutting forces for 
any feed at the several depths. Again the solid lines represent the 
cutting force for tool No. 1, whereas the dashed lines represent 
constant cutting values for longitudinal force which are obtained 
with tool No. 2 having 22-deg side rake. The longitudinal-force 
equation for this tool as given in Table 2 shows that the exponent 
of fis zero. In the upper right of Fig. 9 are shown the values of 
the radial component for both tools for each of several depths for 
all feeds up to 0.030 in. These curves show that the radial force 
for tool No. 2, having 22-deg side rake, is low for low values of 
depth, but is comparatively high for the higher values of depth. 


INFLUENCE OF CuTTING SPEED ON Currine ForcEs 


All of the preceding tests were run at a cutting speed of 70 to 80 
fpm. Because of the soft free-cutting nature of the steel, a 
considerable range of speed was possible. Therefore, to deter- 
mine the cutting-force equation, a series of tests was run with one 
tool shape at surface-cutting speeds of 26, 31, 42, 56, 70, 90, 115, 
150, 210, 240, and 320 fpm. The signature of the tool bit se- 
lected was 8-14-6-6-6-30-3/64R, the 30-deg side-cutting-edge angle 
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(Annealed 0.21-C steel; cutting dry; tool shape 8-14-6-6-6-30-3/64R.) 


being selected instead of the standard tool because of the higher 
allowable cutting speeds for the same tool life. 

At speeds below 50 fpm, the results were unexplainably erratic 
until it was noticed that quite a large built-up edge was adhering 
tightly to the tool bit as the cuts were changed from one size to 
another. Different force values were obtained if the order of the 
cuts was changed. This indicated that the built-up edge did not 
quickly change its size and shape as the cutting conditions were 
changed. The bar was soft and the built-up edge was hard due to 

OF 
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: e foe * x A 
Fie. 11 PHotTomicroGraprH OF Cross Suction or Buiit-Upe Epan 
SHowine FLow or a Cuip or Low-Carson Start ANNEALED TO 
Give A BRINELL HARDNESS OF 99 
(Tool signature, 8-14-6-6-6-30-3/64R; cut taken at 0.03-in. feed and 0.15- 
in. depth. The cutting speed was 200 fpm. From V. Prianishnikoff.) 

cold working. Knocking off these built-up edges too often chipped 
the keen cutting edge of the tool. The most practical method of 
reducing this effect was found in changing bits for each depth, and 
then running the feeds in order of increasing size. This did not 
eliminate the effect entirely, however, and the data for the slower 
speeds are not so consistent as for the faster speeds. 

The results of this series of tests are shown graphically in Fig. 
10. The cutting forces are plotted against cutting speed for the 
0.030-in. feed per revolution and 0.150-in. depth of cut. The 
peculiar shapes of the exponent and constant curves for the 
slower cutting speeds are undoubtedly due to the built-up edge, 
but the cutting-force curves show no effect at all. As would be 
expected, cutting speed has very little effect on tangential forces, 
exponents, or constants. Disregarding the slower speeds, it will 
be noticed that the depth exponent in the longitudinal-force 
equation increases somewhat with an increase in speed. The 
exponent for the feed remains nearly constant, but the values of 
the constant increase very rapidly as the speed increases. In the 
radial-foree equation, the exponent of depth remains nearly 
constant, the feed exponent shows a marked increase in value 
as the speed is increased, and the constant increases rapidly as 
the speed is increased. 
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Fie. 12 Ossrrvations oF Buitt-Up Ener at DIFFERENT SPEEDS 


Tue Buiit-Up Ener 


The characteristics of the built-up edge formed on the tools 
during these tests proved to be interesting. The edge is often 
found adhering to the steel chip at the end of a planer, shaper, 
and miller cut. It is, however, not so obvious in turning opera- 
tions where the cuts are continuous. The built-up edge formed 
by this soft ductile steel was much harder than the original bar 
and was unusually large for steel. This permitted an excep- 
tional opportunity to observe its size and shape under various 
cutting conditions. Admittedly, the best method of obtaining a 
true picture of the built-up edge is to stop the work suddenly in 
the cut. This has been done in another series of tests in which 
the metal and head of the chip containing the built-up edge were 
cut from the bar and sectioned, polished, and photographed at 
various places. Fig. 11, produced by this process, indicates the 
flow of the chip and the character of the built-up edge, and repre- 
sents the condition of the edge obtained at about 200 fpm cutting 
speed with this soft steel for the standard tool shape. 

It was discovered in cutting this soft steel that when the tool 
bit was quickly withdrawn from the cut, the built-up edge re- 
mained apparently undisturbed on the tool face. The observa- 
tions of the built-up edge at different speeds are recorded in 
Fig. 12. Arranged ona logarithmic scale at the top of the figure 
is shown a diagrammatic section through the center of the built-up 
edge when the tool was quickly withdrawn from a cut of 0.030-in. 
feed and 0.150-in. depth at various cutting speeds. The tool 
shape is the same as that indicated in Fig. 11. The change in 
the shape and size of the built-up edge throughout this speed 
range is very great. It is thick and sharp at the low speeds and 
thin and flat at the high speeds. At the higher speeds, particularly 
above 200 fpm, the edge seems to be formed on the face of the 
tool back of the cutting edge, leaving a small rim of the face 
next to the cutting edge exposed. This condition is shown in 


Fig. 11. The drawings of Fig. 12 correspond to the dense portion 
of the chip of Fig. 11. 

The shape of the chip also undergoes a change in shape as the 
speed is increased. The chips are spiral in shape up to about 30 
fpm. They then become helical for the higher speeds. For 
speeds from about 42 to 90 fpm, the chips have a helical spiral 
form as indicated horizontally across the central part of Fig. 12. 
At the low speeds there appears to be no sloughing of the built-up 
edge. The underside of the chip is very rough. At about 56 fpm 
an occasional portion of the built-up edge slides or sloughs off 
as a part of the underside of the chip. These sloughs increase in 
number and become more irregular until at high speed the slough 
is continuous and the underside of the chip is very smooth and 
highly burnished as indicated in the lowest section of Fig. 12. 
At about 90 fpm the underside of the chips carried even and 
uniformly spaced sloughs. 


Curtina TEMPERATURES 


While running the variable-speed tests using a feed of 0.030 in. 
and a depth of 0.150 in. with the standard shape of tool listed in 
Fig. 11, temperatures as obtained by the tool-work thermocouple 
were recorded. The work and tool were calibrated in an electric 
furnace so as to determine the electromotive force developed at 
their point of contact at different temperatures. The calibration 
curve had temperature values of 70, 200, 400, and 600 F for 0, 
—0.35, —0.45, and 0 millivolt, respectively, and approximately 
a straight line 1000 F giving plus 1.4 millivolts. All measure- 
ments taken were above 600 F so the negative loop in the curve 
was not used. The temperatures in degrees Fahrenheit are shown 
plotted over the cutting speeds arranged on logarithmic scale 
near the top in Fig. 12. At 56fpm the cutting temperature was 
approximately 650 F. It corresponded to a maximum of 1000 F 
at 210 fpm, and fell off to about 900 F at 320fpm. At this highest 
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speed the tool life was about 1 minute, showing that the actual 
temperature of the tool at its cutting edge may have been well 
above the 900 F recorded by the tool-workthermocouple. Themost 
probable cause for the drop in the temperature curve at the highest 
speed is the influence of the built-up edge which, at the higher 
speeds, protects the tool face almost entirely from the flowing 
chip. At lower speeds the chip slides over the built-up edge and 
rubs over the tool face. In other tests on a 0.61-per cent carbon 
steel, the temperatures developed at the tool point, as measured 
_ by the tool-work thermocouple, were found to increase in direct 
- proportion to the cutting speed between 550 F and 1100 F. 

Plotted on the same coordinates in Fig. 12 just below the 
temperature curve are two curves giving the approximate tem- 
perature of the chip, as indicated by the temper color. The 
higher curve gives the temperature of the chip formed at the 
bottom of the cut. This temperature varied only about 5 per 
cent between cutting speeds of 100 and 320 fpm. Excess heat 
probably was carried away by the fast-moving chip. 


CoNCLUSIONS 


A number of conclusions may be drawn from the foregoing 
study and data. While these conclusions hold only for the ma- 
terial cut and under the conditions of the test, it is believed that 
many of the trends revealed are true of the operations of single- 
point tools in general. 

1 Equations of the form 7 = Cf*d’ are found to hold for all 
three components of the cutting force, namely tangential, longi- 
tudinal, and radial. The values of C, a, and 6 will vary materially 
for different shapes of tools as indicated in Table 1. 

2 The tangential cutting force is reduced uniformly to about 
40 per cent by increasing the side-rake angle from 0 to 30 deg. 

3 A change in back rake, side-cutting-edge angle, and nose 
radius has little effect on tangential forces or longitudinal forces. 

4 The longitudinal force almost disappears with high values 
of side-rake angle. 

5 The radial force is little affected by side rake, drops to 
zero with high values of back rake, and increases rapidly with 
higher values of side-cutting-edge angle and larger nose radii. 

6 The exponent of the feed in the tangential-force equation 
first increases and then decreases with increasing side-rake angles. 
The highest value of 0.82 is for 12-deg side rake. 

7 An increase in back rake, side-cutting-edge angle, or nose 
radius tends to reduce considerably the feed exponent in the 
tangential-force equation. 

8 Increasing either the back- or side-rake angle decreases the 
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feed exponents for both the radial and longitudinal forces, while 
an increase in side-cutting-edge angle or size of nose radius in- 
creases these exponents. 

9 The depth exponent of the tangential-force equation is 
unaffected except for large values of side-cutting-edge angle or 
large nose radii, when it is reduced somewhat. 

10 An increase in back rake, side rake, side cutting-edge 
angle, or nose radius decreases the depth exponent of the longi- 
tudinal-force equation. 

11 An increase in the side-cutting-edge angle or nose radius 
causes a very large increase in the depth exponent of the radial 
force. 

12 Very pronounced changes in the values of the constant in 
all equations result from changes in any of the tool angles. 

13 The tangential force remains practically unchanged when 
the cutting speed is increased from 26 to 320 fpm. 

14 Both longitudinal and radial forces increase somewhat 
with an increase in cutting speed. 

15 Atspeeds below 100 fpm, the exponents of feed and depth 
and the values of the constant were affected considerably by a 
change in speed. This was believed to be due to a change in the 
shape of the built-up edge. 

16 The cross section of the built-up edge changes radically as 
the cutting speed increases. At low speeds it is large with a 
steep angle. At higher speeds it is flatter, and at speeds above 
200 fpm, it tends to desert the cutting edge and occur as a flat 
thin patch. 

17 At slow speeds, the chip comes off in the form of a spiral 
which gets larger and looser as the speed increases. This changes 
to a helix of about 3 in. in diameter at 115fpm. At higher speeds, 
the helix decreases in diameter somewhat and becomes more 
uneven. 

18 During the cutting action, more or less sloughing of the 
built-up edge occurs, the sloughs remaining on the underside of 
the chip. The sloughs first appear at about 50 fpm and then, as 
the cutting speed increases, they increase in number until at high 
speed the under surface is one continuous slough and is smooth 
and highly polished. 

19 Using the tool-work thermocouple method, the tempera- 
ture at the face of the tool was found to rise to 1000 F at 210 fpm 
and then drop to 900 F at 320 fpm for 2 given tool shape and size 
of cut. 

20 The temperature of the chip as determined by temper 
colors was changed less than 5 per cent in the range of cutting 
speed from 90 to 320 fpm. 
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Discussion 


Principles Underlying the Rational 


Solution of Automatic-Control 
Problems’ 


P.S. Dicxny.? The writer finds it necessary to question many 
statements made in Mr. Mitereff’s paper and believes that the 
terms used therein should be properly defined and classified be- 
fore a rational solution is attempted. 

Mr. Mitereff says that the system external to the regulator can 
be divided into four factors: (a) storage of fluid or energy, (b) 
inflow of fluid or energy to storage, (c) outflow of fluid or energy 
from storage, and (d) a function indicative of the amount of 
fluid or energy in storage. 

Clearly, this factor (d) should be classified separately since 
it is only a metered indication of factor (a) and therefore should 
be placed on a parity with metered indications of factors (b) and 
(c), which are the inflow and outflow of fluid or energy from 
storage. One, or more than one, of the metering indications 
may be used in developing the control apparatus. 

Mr. Mitereff divides his control apparatus into three parts, 
but although it is a reasonable division it is not in agreement 
with customary practice as described later. However, with all 
the mathematics which the author applies to the devices ex- 
pressed as “operative connections between the impulse-receiving 
element and the final-operating element,” he completely neglects 
the equation between motion of the final-operating element and 
the actual delivery of energy or fluid to or from storage. Every 
one who has had much practical experience in adjusting auto- 
matic-control systems knows that this equation is of utmost 
importance. 

The writer would further like an example of a control system 
in which the final operating element is an electric contactor as 
this does not seem consistent with the final operating element as 
defined. 

It is convenient to think of control systems as being divided 
into four parts: (1) The measuring device which corresponds to 
Mr. Mitereff’s impulse-receiving element; (2) the operative 
connection which may consist of pilot valves, electric contactors, 
mechanical linkage, and provides the desired motion characteristic 
and/or the necessary power amplification between the measuring 
device and the power device described in (3); (3) the power 
device. This may consist of a piston, a reversing pilot motor, a 
diaphragm motor, or other device capable of providing the 
necessary work to actuate item (4); and (4) the regulatory de- 
vice. This may consist of a valve, a damper, a rheostat, or any 
other device of this nature capable of regulating the flow of fluid 
or energy. 

This division of the control system allows segregation of the 
equation of the control system from the equation of the regula- 
tory device which often is not furnished by the control manu- 
facturer. : 

Mr. Mitereff’s statement regarding ‘‘the insignificance of sen- 
sitiveness and sticking of measuring and control apparatus” 
clearly indicates lack of experience. No control can be better 


1 Published as paper FSP-57-9, by Sergei D. Mitereff, in the May, 
1935, issue of the A.S.M.E. Transactions. 

2 Research Engineer, Bailey Meter Company, Cleveland, Ohio. 
Jun. A.S.M.E. 
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than its measuring device. Instrument makers have spent years 
improving metering devices from which automatic controls are 
actuated. Friction and inertia of moving parts are the worst 
enemies of the control manufacturer and no amount of mathe- 
matics will eliminate or compensate for them. 

Undoubtedly, time lag is a serious obstacle to successful ad- 
justment of any control installation, though there remains con- 
siderable confusion regarding system time lag and system storage 
of energy or fluid. Mr. Mitereff’s choice of a pressure regulator 
as an example of distortion of perfect correspondence of the actual 
pressure, and of the pressure at the regulator, is somewhat un- 
fortunate since many regulators use Bourdon tubes wherein the 
displacement of fluid in the pilot line is negligible, so that the 
impulse travels along the pilot line approximately at the ve- 
locity of sound. In general, temperature regulators are much 
more likely to be troubled by the distortion described. Like- 
wise, the time lag between the instant of increase of fuel and air 
supplied to a boiler furnace and the instant of increase in steam 
generation of the boiler is a much more effective example than 
that of the hydraulic turbine. 

Referring to Mr. Mitereff’s example of the direct-acting float- 
operated valve controlling discharge of fluid from a tank, the 
writer must call attention to the real problem involved, namely 
controlling fluid output in accordance with fluid input. The 
control which supposedly solves the equation for the tank level 
does not necessarily accomplish the ultimate aim. Furthermore, 
there are often variations of this level-control problem not men- 
tioned by the author. The following examples are quite preva- 
lent: 

1 In oil-refinery work, the flow to bubble towers often is 
highly variable and a successful control must allow the level to 
fluctuate and thereby utilize the storage capacity of the towers to 
maintain an output which averages the input fluctuation. 

2 In steam boilers the drum level is affected not only by the 
input of water and outflow of steam but by the volume occupied 
by steam bubbles below the water level, so that changes in water 
level are not necessarily an indication of the outflow—input ratio. 
The proposed equations for obtaining water level would be use- 
less in either this or the preceding case. 

Mr. Mitereff’s paper would make easier reading if he were 
more consistent in his use of symbols. For instance, in one 
case F is the distance traveled by the valve, and immediately 
following F becomes the final regulating effect of the automatic- 
control apparatus. Does this final symbol mean a motion or a 
change in energy or fluid flow? 

In Equations [1] to [6], if the author means F to represent the 
motion traversed by the regulating device, the writer agrees 
with these equations except that the regulator illustrated and 
identified as an example of Class-I regulators should not be called 
the most common type. Much more extensive use is made of the 
Class-II regulator, the characteristics of which the author gives 
in his Equation [2]. 

The writer believes that an important control method has been 
eliminated from the author’s list of control types. It is the three- 
element control which measures both input and output of fluid 
or energy, and maintains them approximately equal with only a 
relative minor adjustment of either from a measure of the storage 
of the system. 

The application of this control system to feedwater regulation 
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for high-capacity steam boilers is described by M. F. Behar? 
and in bulletins published by the Bailey Meter Company. 

Other successful applications of this three-element control 
system have recently been made and it is the writer’s prediction 
that extensive use of this system will be made in the future in 
control problems which ‘cannot be solved by other methods. 


M. J. Zucrow.‘ With the field of application for continuous 
automatic controllers becoming increasingly more extensive, 
it is essential that the manufacturers and users of such devices 
have a common nomenclature to avoid the confusion of ideas 
which inevitably arises when the terminology of a subject is used 
indiscriminately. Consequently, writers on this subject should 
adhere to an accepted nomenclature as far as possible, and to 
define accurately their terms when no accepted terminology exists. 
Mr. Mitereff’s paper is a timely contribution to the literature on 
this subject, but his unorthodox use of terms is regrettable. 

Continuous automatic-control mechanisms, such as fluid-flow 
controllers, are offshoots of that class of controllers known as 
speed governors. They embody the application of the fundamen- 
tals of speed control to other control problems. The literature 
pertaining to the theoretical developments of governing dates 
back to 1840.5 The first theoretical solution which took into 
account the reactions between the governor and prime mover is 
due to Wischnegradsky (1877). Since that time there has 
been a more rapid advance in the coordination of the theory and 
practice of this art. In more recent years the published works of 
such engineers as Tolle, Stodola, Wunsch, Stein, Hodgson, Smith, 
Mason, and others have done much to clarify the control prob- 
lem. The dynamics of pilot or relay speed governing has been in- 
vestigated thoroughly by Dr. Tolle.?’ By properly modifying his 
equations, in accordance with the method developed by Stodola,® 
the speed-governing equations of Tolle can be applied to the 
mathematical analysis of such complicated problems as those 
which arise in complete combustion control.® It is, therefore, 
surprising to find, with Dr. Tolle’s work listed in Mr. Mitereff’s 
bibliography, that the latter’s paper contains such statements as 
(1) “little has been published relative to the fundamentals” of 
governing and control; (2) there is ‘‘an absence of data necessary 
for rational solutions;” and (3) “the concept of the character- 
istic of a regulator or governor . . . has received little attention.” 

The elements of a continuous automatic-control installation 
have been described by Mr. Mitereff. However, due to his un- 
common use of terms, a brief repetition of these elements, using 
the more common terminology, will help in overcoming any 
confusion which might otherwise arise. Every automatic con- 
troller comprises a primary system, which may be regarded as a 
measuring instrument, and an operative means for effecting cor- 
rections to the function being controlled. The particular physi- 
cal arrangement and function which it is to control, is called the 
application. The required flow of fluid or energy which the 
physical system needs in order to maintain the controlled func- 
tion at its normal value is called the demand, and that furnished 
to the system is known as the supply. For the controlled function 
to experience no “departure from normality” the supply must 


3 “The Manual of Instrumentation,’’ by M. F. Behar, Instrument 
Publishing Company, Pittsburgh, Pa., 1932. 

4 Republic Flow Meters Company. Mem. A.S.M.E. 

5“‘Governors and the Governing of Prime Movers,” by W. 
Trinks, D. Van Nostrand Company, New York, N. Y., 1919. 

¢ “Technische Schwingungslehre,’’ by W. Hort, second edition, 
Julius Springer, Berlin, Germany, 1910. 

7“Die Regelung der Kraftmaschinen,’’ by M. Tolle, third edition, 
Julius Springer, Berlin, Germany, 1909. 

8“‘Dampf- und Gasturbinen,’”’ by A. Stodola, sixth 
Julius Springer, Berlin, Germany, 1922. 

®“Regelung und ausgleich in Dampfanlagen,’ by T. Stein, 
Julius Springer, Berlin, Germany, 1926. 
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equal the demand and the capacity or storage of the application 
must also be at its normal value. Consequently, for the applica- 
tion to be susceptible to automatic control, the function to be 
controlled must be measurable, the primary element must be 
installed adequately, and there must be sufficient power avail- 
able for actuating the control device. 

Automatic control devices may be conveniently divided into 
two main groups, which are (1) self-operating controllers which 
furnish direct control, and (2) pilot or relay controllers which 
furnish pilot or relay control. 

A self-operating controller is one which operates a valve (or 
other device) directly from its primary element without the 
assistance of additional forces from an outside source of power; 
the primary element and the valve are connected together and the 
latter moves in direct proportion to the departures from normality 
of the primary element. A pilot controller is one in which the 
action of the primary element operates a pilot (or pilot valve) 
which releases a source of power, such as compressed air, to a 
power device (piston) for actuating the valve; the power piston 
may then be located at a distance from the rest of the control 
apparatus. The second class of controllers comprises by far the 
majority in industry. While it is not always necessary, pilot 
controllers are usually equipped with some device which ties to- 
gether the movement of the power piston and the pilot valve. 
Such an element is called a “follow-up” or a “return motion.” 
It usually consists of a linkage between the power piston and the 
pilot valve, whereby the latter is returned to its neutral position 
when the controlled valve has been moved through the correct 
distance. 

The analysis of controller problems shows that time differences 
arise between the correspondence of cause and effect throughout 
the system. These time differences are of two kinds: (1) Those 
inherent to the automatic controller and (2) those inherent to the 
application. The former are termed the “controller period”’ 
and the latter the “application lag” or “‘time lag.” 

The controller period is the sum of the time differences per- 
taining to each element of the automatic controller. M. F. 
Behar? in discussing controller period, has pointed out that “‘in 
a pressure-control instrument of the distance form (pilot con- 
troller) there might be: (1) Time required for a variation in 
controlled vessel to reach primary element (metering reaction 
time); (2) time taken by primary element to actuate pilot valve; 
and (8) interval from changed position of pilot to changed posi- 
tion in power cylinder; (but the momentary period between 
motion of power device and effect on fluid flow through the con- 
trolled valve comes under application lag).”’ 

The application lag (time lag) arises from the fact that prac- 
tically every physical system which is subjected to automatic 
control has a capacity or storage. Consequently, there arises a 
time interval between the performance of a corrective function 
by the controller itself and the assumption of the changed condi- 
tion by the system. Thus, if an added quantity of steam is passed 
by an automatically controlled pressure-reducing valve in a 
pipe line, it takes this additional quantity of steam a definite 
time to travel the length of the pipe to the consumer. The appli- 
cation lag may vary from a microsecond to several minutes, de- 
pending upon the application. But irrespective of the magnitude 
of this time lag, if the application demand requires a changed 
supply, then the complete system must pass over into the new 
circumstance with aperiodic fluctuation or vibration of the 
controlled function about its normal value. 

A truly rational solution of a control problem cannot divorce 
the controller from the application. It must take into account 
all of the variables which are involved. Such mathematical 
analyses have been made. In setting up the equations it is, of 
course, necessary to introduce simplifying assumptions in order 
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to obtain solvable differential equations. This does not neces- 
sarily bring in any basic lack of agreement between the actual 
and mathematical characteristics of the vibration process. The 
assumptions are made so that linear differential equations will 
arise; these being the only type that are readily solvable. The 
essential difference between the actual and the mathematical 
results is that the latter give the vibration wave a sinusoidal 
character. The same simplifications are used in studying elec- 
trical phenomena, and are even more permissible in controller 
problems since only a few values are needed quantitatively. The 
rational analysis has for its object the determination of the 
following: (1) The conditions for stable control, that is, an 
aperiodic vibration which dies out in a few regulator swings; 
(2) the maximum amplitude of the departure from normality; 
and (8) the period of a control process oscillation, since this must 
not exceed a practical value. 

To go into a series of such analyses would be time consuming, 
and those interested are referred to the works of Stodola® and 
Stein.® However, it is important to bring out the following: 

If ¢ is the ratio of the departure from normality of the con- 
trolled function to its normal value, the equations which arise 
will depend on the controller design and on the application; they 
will, however, be of the following forms: 


Oy OE Op =O. ee, (1] 
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The conditions for stability and aperiodic vibration in Equa- 
tions [1], [2], and [3] are satisfied when (a) all factors are posi- 
tive, Ci > 0;. (6) when C; — C.2—C)C3 > 0; and (c) when 
(C1C2z — CoCs)C3 — Cv2C, > 0. 

The C’s are constants relating to the application and the 
controller. The order of the equation for a particular case will 
depend on the number of capacities and controller elements which 
are involved. 

It should be noted that one of the basic requirements for 
stability is that the coefficient of the d¢/dt term shall not vanish. 
This is a damping term. The stabilization may (1) arise from the 
reaction of the application on the controller, due to an additional 
flow of fluid, (2) it may be effected by an oil dashpot located 
between the controller and the power piston, or (3) it may be 
obtained by controlling over a “zone” or “band.” The ideal 
is precision control with stability. This can be attained by us- 
ing a spring, which gives temporary band control, in combination 
with a follow-up, and a dashpot, which gradually eliminates the 
effect of the spring; thereby furnishing control to a fixed value 
of the controlled function. 

From the foregoing it is seen that Mr. Mitereff’s paper is con- 
cerned with a single component, the metering reaction time (time 
required for a vibration in a controlled vessel to reach the primary 
element) of the controller period. His particular use of the term 


., “time lag” for what might be called ‘metering reaction time” is 


confusing. His lack of differentiation between ‘‘controller period” 
and “application lag’’ may be responsible for the contradiction 
contained in paragraph 6, p. 163. It also becomes apparent that 
Mr. Mitereff has not discussed the ‘‘rational approach to the 
control problem” but that he has attempted to classify con- 
trollers on the basis of the metering reaction time. While not 


always possible, the ‘‘metering reaction time” can be made zero. 
One might erroneously infer that since this would nullify what Mr. 
Mitereff calls the ‘time lag,”’ in such a case the fluctuating char- 
acteristic of a control change in an application with storage would 
be eliminated. 

If a classification of controllers is desired, the writer prefers 
one following the plan presented in the excellent article on flow 
controllers, by Ed 8. Smith, Jr.1° 

In closing this discussion, it must be pointed out that the real 
problem today is to simplify the modern controller without sacri- 
ficing its excellent characteristics. A brief inspection of auto- 
matically controlled processes will show that they work, and work 
remarkably well. Whether or not the Class-XII controller illus- 
trated by Mr. Mitereff has any advantages over the best modern 
controller is problematical but it is obvious that it is more compli- 
cated. His paper called to mind the following passage concern- 
ing differential equations:!! ‘A function that satisfies a differen- 
tial equation is a solution no matter how obscure its origin, and 
one that does not satisfy it is not a solution, no matter how 
illustrious its pedigree may seem to have been.” 


Ep S. Smiru, Jr.12 Any attempt, such as the author’s, to 
convert an art into a science is likely to be a temporary step 
backward on account of the oversimplification usually required 
for setting up basic formulas, as the writer learned when he made 
an analysis of flow controllers for industrial use!° which was less 
formal mathematically than other analyses in this field. Certain 
of the principles stated by the author as being more or less new 
are recognized as established practice with governors for steam 
and water turbines. In one division alone of the U. S. Patent 
Office are listed the following patents on ‘Control by Higher 
Derivatives: 1,486,280; 1,497,164; 1,703,280; 1,860,821; 
1,916,477; 1,936,763; 1,946,280; and 1,955,680. Nevertheless, 
the author’s concise statement of the basic relations in mathe- 
matical form is commendable. 

Physical and mathematical analyses of controllers for boilers 
have been published by Hodgson and Ivanoff in England. While 
there are differences between the author’s and the foregoing pres- 
entations, these are expected, and even desirable, in the present 
condition of the literature on controlling. Further, it seems ad- 
vantageous to have an early symposium at which other view- 
points could be briefly presented. After this airing of the whole 
matter, those participating in the symposium could form a re- 
search committee to consist only of members who, as a small 
group, would actively agree upon the definitions and basic rela- 
tions involved for immediate publication. Some material of 
interest in this direction has been given by M. F. Behar.’ 

In an analysis of control, the phenomena may be taken as 
transient and subject to cyclical variations. It is then convenient 
to use some form, possibly series, of cosine expression for the 
relation between the controlled variable and time. This formula- 
tion clearly brings out the phase relations, as of inertia effects, 
for example, that determine whether hunting oscillations tend to 
increase or decrease in amplitude, which tendency is expressible 
by a suitable decrement, as is familiar in alternating-current and 
vibration-damping theory.!*!4 This treatment also furnishes 

10 ‘‘Analysis of Fluid Rate Control Systems,”’ by Ed S. Smith, Jr., 
Instruments, vol. 6, March, 1933, p. 54. 

11 ‘Advanced Calculus,”’ by W. Osgood, The Macmillan Company, 
New York, N. Y., 1922. 

12 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E. 

13 ‘Vibration Damping, Including the Case of Solid Friction,’ by 
A. L. Kimball, Trans. A.S.M.E., vol. 51, 1929, paper APM-51-21, 
pp. 227-236. 

14 “Steady Forced Vibration as Influenced by Damping,” by L. S. 


Jacobsen, Trans, A.S.M.E., vol. 52, 1930, paper APM-52-15, pp. 
169-181. 
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the optimum values of the constants for given control condi- 
tions. It is believed that engineers generally make more use of 
such solutions than of the corresponding differential equations as 
presented by the author. Since continuity was assumed with 
the previously discussed differential equations and their solu- 
tions, these fail to apply strictly to cyclically operated con- 
trollers to which, however, their teachings still apply broadly. 

It seems ideal in practice to have a cyclically operated meter 
responsive to the controlled variable to govern the control 
cyclically, since such a meter has time to respond to one control- 
ling act before initiating another. Further, such meters flexibly 
lend themselves to desirable integrating and differentiating modes 
of control. Also, as to the author’s second paragraph, adequate 
data are seldom available at the time of ordering control equip- 
ment. This equipment must be made in quantity commercially 
and consequently have enough flexibility and ease of adjust- 
ment so that it can be readily fitted to the individual control 
application. 

For general use with liquid-level, flow-rate, and temperature 
controllers, the various electrical means proposed by the author 
seem too rapid in their action. Thermal, hydraulic, and kinetic 
means of longer period are generally more suitable for such indus- 
trial controllers. 


H. A. Rounicx.!® The rational solution of automatic-control 
problems has been scarcely attempted, or if it has been attempted, 
the published results have been meager. The author of this 
paper is to be congratulated for his study on a rational solution of 
automatic-control problems. His formulation of the types of 
control actions points the way to a convenient classification from 
a fundamental viewpoint which should go a long way toward 
clearing up the present confusion of terms and ideas in automatic 
control. 

The complete theoretical solution of an automatic-control 
problem involves a knowledge of the process or condition to be 
controlled. Furthermore, the complete solution involves the 
interaction of controlling element and controlled element. How 
difficult this becomes is well known to all who have tried to find a 
complete solution. Some idea may be obtained of the difficulty 
by reading chapter 9 of ‘‘Governors and the Governing of Prime 
Movers,” by W. Trinks® on comparatively simple problems of 
speed control. 

As a result, the development of automatic-control mechanisms 
preceded the development of any theory. The simplest kinds of 
control were originally satisfactory for the simple processes when 
the high accuracy demanded today was unknown. As industrial 
processes developed in complexity and as higher and higher stand- 
ards of accuracy were demanded, the automatic-control mecha- 
nisms increased in flexibility and effectiveness. The numbers and 
types of automatic-control mechanisms have increased so greatly 
in the last few years that a fundamental classification will clarify 
the entire problem and help to determine which way to proceed. 

While such fundamental considerations should be useful in 
complex control problems, it is well not to lose sight of the fact 
that the large majority of automatic-control applications of 
economic necessity still make use of the on-off or two-position 
controller, which is the simplest type of control. In these 
applications the question of sensitiveness is an important one. 

Those experienced in automatic control know how important 
sticking in a control valve may become. The problem of sticking 
is not unimportant when one stops to consider that control valves 
and sometimes whole control mechanisms must be subjected to 
corrosive atmospheres or placed in the open and subjected to cli- 
matic conditions. 


‘6 Physicist, Brown Instrument Company, Philadelphia, Pa. 


An illustration may be valuable. In the control of a petroleum- 
cracking unit the temperature of the oil has to be maintained 
within a few degrees or + 0.5 per cent, so that the total permis- 
sible variation in fuel flow to the furnace of the cracking unit is 
+1 per cent of the total flow. Although control mechanisms 
have been designed which will respond to a change of temperature 
of 0.1 per cent, it is difficult to find a control valve which will 
respond to a change equivalent to less than 1 per cent of its full 
travel. 

As previously mentioned by the writer, the author’s classifica- 
tion of automatic-control apparatus is interesting. Some re- 
marks, however, on the particular classes are in order here. Later 
in this discussion, some of the difficulties of applying these simple 
formulas will be described. 

Considering the author’s Class-I regulators, they give that type 
of regulation in which the controlling element has to overcome 
fluid friction. The control produced is stable but slow to act, so 
that rapid variations in the controlled element are not well taken 
care of and rapid, wide variations in the controlled temperature, 
pressure, or controlled element follows wide, rapid variations in 
supply or demand. In the author’s example of the Class-I regu- 
lator, Fig. 3 of the paper shows a needle valve 4 in the fluid-supply 
line. This could hardly produce a rate of flow proportional to the 
pressure difference across it whether the flow was viscous or turbu- 
lent. Since a needle valve is an orifice unless it closely approxi- 
mates a capillary tube in size and shape, the rate of flow through 
it will be proportional to the square root of the pressure drop. 
However, the liquid dashpot will bring about the desired action. 

The author’s Class-II regulator is the most usual type of con- 
trol. Most on-off controllers, three-position controllers, and 
throttling controllers behave according to this general rule. The 
chief fundamental difference between these controllers is the 
value of the constant k:. Its value defines what has been called 
‘throttling range” or “‘sensitivity.”’ If its value is large so that a 
small change in the controlled element produces a large valve 
movement, we get nearly on-off action, i.e., a narrow throttling 
range or high sensitivity. If the value of k: is small, so that a large 
change in the controlled element is necessary for a large valve 
movement, then we have a wide throttling range or low sensi- 
tivity. In some control mechanisms this constant is adjustable 
and is adjusted to suit the process. 

At first glance one would wonder why it is necessary to dimin- 
ish the sensitivity of the control apparatus. One must remem- 
ber, however, that in most control applications there is an appreci- 
able time lag between a control-valve movement produced by a 
change in the controlled element and its effect on the instrument 
doing the indicating and controlling. Take, for example, a ther- 
mostat placed in a room to control the temperature by turning off 
the steam to a radiator in the room. As the room comes up to 
temperature from the cold state, the radiators must be consider- 
ably hotter than the room. When the control temperature is 
reached, the thermostat acts to shut off the steam from the radia- 
tor. Since, however, an appreciable length of time must elapse 
before the radiator cools, the temperature keeps rising for some 
time until the heat output from the cooling radiator equals the 
heat lost through the walls of the room. Then the temperature 
falls, and, when the control temperature is reached again, the 
steam is admitted to the radiator. Since some time is required 
before the radiator is warmed up sufficiently to supply the heat 
lost through the walls of the room, the temperature falls below the 
control point and the process is repeated. If instead of opening 
the steam valve completely it is only partially opened, a more 
gradual action would take place and it would be possible to elimi- 
nate constant cycling of the temperature above and below the 
control point. 

The kind of control given by the author’s Class-III regulator 
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is typical of the most successful ccntrol instruments in use today. 
The addition of the integral term produces a valve action which 
keeps the control point at the desired position regardless of 
changes in energy supply or demand. 

The term including the integral provides what has been called 
“escapement action,’”’ “automatic reset,” and “load compensa- 
tion.” Its function is to keep at the control point regardless of 
changes in energy, demand, or supply. 

There are several ways of looking at Equation [3] for the Class- 
III regulators. Normally the valve opening in a temperature- 
control application is proportional to the heat supply, so that we 


may write 
te 
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where P = the temperature of the element controlled, and H = 
the heat supply. If the second term on the right is temporarily 
neglected 
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i.e., the throttling or follow-up action tends to maintain a con- 
stant proportionality between the heat supply and temperature. 
If the heat supply should increase, the temperature would rise, or 
if the temperature falls due to increased demand, the heat supply 
, would fall; any change in energy demand would give a tem- 
perature different from that at the control point. 

In practice the constant of proportionality is adjusted so that 
no hunting action takes place. Therefore, at the control point 
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where the subscript c refers to conditions at the control point. 
Then : 


ty 
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Since the heat demand is nearly proportional to the temperature, 
the difference in temperature is proportional to the extra energy 
required and the integral gives the additional energy supplied, 
or vice versa. Hence, the valve opening supplies just about 
what the process demands to keep the control on the line. 

In cases when the controlled process has a very long time lag 
so that the constants of adjustment take care of slow changes, a 
wide, rapid variation in energy demand or supply will produce 
momentary deviations of the controlled element from the con- 
trolled point. When these rapid variations occur frequently, 
the type of control given by the author’s Class III does not pro- 
duce as satisfactory a control as is sometimes desired. 

The type of control given by Class IV is produced by the 
addition of a spring to the pressure regulator shown in Fig. 3 
in the paper to oppose the action of the pressure on diaphragm 1. 

The type of control given by Class V is similar to that in the 
Class-III regulator with the addition of an element which produces 
a force dependent on the control-valve position. This additional 
element, according to the author, provides an automatic adjust- 
ment of the primary impulse. 

The types of control shown in Classes VII to XII are claimed to 
_ be novel. They differ from the first six types by the addition of 

terms involving the rate of change of the controlled element and 
the rate of the rate of change of the controlled element. While 
some of the complex types involving several terms are novel, the 
Classes VII and IX, shown by the author’s Equations [7] and [9], 
have been claimed before. Since the others are combinations of 
these two classes with the previous six classes, they can hardly 
be considered entirely new. 


In Class-IX controls, a patent issued to L. Behr, No. 1,497,164 
on June 10, 1924, on control method and apparatus, claims a 
mechanism which produces a control movement proportional to 
the sum of deviation of the controlled element and the second 
derivative with respect to time of the controlled element. An 
examination of this patent indicates that it follows Class VII rather 
than Class IX: 

A modification of the Class-VII control types which follow the 
law 


F + k(dF/dt) = kP + ks(dP/dt) 

are described in two patents, one by Guido Wunch, No. 1,920,827 
(reissue No. 19,276 granted August 14, 1934), and one by T. R. 
Harrison, No. 1,946,280, granted February 6, 1934. Both of the 
mechanisms described in these two patents provide a rate of 
change control due to the term (dP/dt). 

The types of control given in Classes X, XI, and XII make use 
of a rather formidable array of equipment. This is not to con- 
clude that applications for these may not be found, but it is the 
writer’s belief that the successful control applications which can 
be made with a rather complicated control mechanism are not 
great in number. 

The justification for types of controls producing valve move- 
ments proportional to the rate of change of the controlled element 
is the elimination of the effect of time lag on the control of the 
process. Theoretically, this is quite sound and it has been recog- 
nized for some time by the anticipatory features of control instru- 
ments. Also, the effect of inertial forces in general require control- 
valve movements dependent on the second derivative with respect 
to time of the deviation of the controlled element. 

Some of the difficulties in applying control mechanisms of 
Classes VII to XII, inclusive, particularly in temperature control, 
revolve about the fact that for process conditions which vary 
widely, the constants in the equations change so that additional 
adjustments are necessary, so that what was intended to be full 
automatic control must be hand-adjusted when widely varying 
conditions are met. For example, the constants in the case of 
temperature include heat-transfer constants which are not con- 
stant but vary among other items with flow rates, temperature, 
and pressure, and sometimes vary quite widely. 

It would be rather foolhardy to prophesy the future of auto- 
matic-control development. It is hoped that the field of useful- 
ness of automatic control will widen continuously. The author 
should be thanked for an instructive classification of types of 
control which helps clarify the situation from a fundamental 
standpoint. 

Time and experience with the equations and classifications 
given by the author will determine their ultimate usefulness Just 
as the interaction between the controller and the controlled 
element brings out the ultimate usefulness of a controlled 
mechanism, 


C.S. Ropinson.'!6 Mr. Mitereff’s paper in its full development 
should prove of great assistance not only in regulator design 
but also in the design of the entire system, particularly since the 
application of any of several excellent control devices now avail- 
able will have as much bearing on the quality of the result secured 
as the design of the regulator itself. 

In order to follow such changes closely and accurately with 
the minimum disturbance to the system under control, the 
regulator should be arranged to receive without distortion the 
actuating impulses the instant they are generated and should 
be designed to convert these impulses instantly to a force 


16 Engineering Department, E. I. du Pont de Nemours & Com- 
pany, Wilmington, Del. Assoc-Mem. A.S.M.E. 
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sufficient, and only sufficient, to correct the change causing the 
impulse. 

The division of the system into its major parts, that is, (a) the 
system to be controlled, and (6) the automatic-control apparatus, 
is not always an easy problem. As an example, consider Fig. 1 
of the paper as a simple automatic-control installation. Nor- 
mally, the float chamber 3, float 4, valve 5, and the linkage 
connecting these would be considered the automatic apparatus. 
Mr. Mitereff’s equations in the caption to his Fig. 1, which are 
intended to show the relationship of the levels in tank 1 and 
chamber 3, are based, however, on the effect of pilot line 2, a 
part of the installation not normally considered as part of the 
automatic-control apparatus. Any apparatus, therefore, de- 
signed to solve these equations would have to include the pilot 
line as part of itself. 

While the author has probably made several assumptions, 
not specifically stated in his paper, as a basis for the equations 
in the caption of his Fig. 1, there are, in the writer’s opinion, 
other factors to be considered before these equations can be 
considered universally adaptable. The writer contends that 
the upper pilot line could have, under certain circumstances, 
an appreciable effect on the relative levels. Furthermore, if 
tank 1 is considered a boiler and chamber 3 a boiler-feed regu- 
lator, the relative levels would seem to be affected by other 
factors such as the relative densities and the extent of ebullition 
of the water. 

The design of valve 5 in Fig. 1 of the paper would also affect 
the result obtained even though the float 4 were placed in tank 1, 
the ratio of the leverage increased, and the other conditions 
stated in the latter part of the paper obtained. 

The writer is also interested in the development of the equa- 
tions for various classes of regulators. In developing the example 
of the Class-I regulator, the author states the relationship be- 
tween the speed of movement of fluid through valve 4 in Fig. 3 
of the paper and the speed of movement of valve 2, but does not 
appear to connect this latter with the expression dF/dT. A 
more detailed analysis would seem necessary, particularly when 
considering the various designs available for valve 2. 

Recent experience with several valves similar to the type 
shown in Fig. 3 of the paper, but without a dashpot, offers a 
definite example of the effect of the valve design on the operation 
of the entire regulator. The writer found it possible to obtain 
an excellent characteristic, that is, the relation between P and 
valve position, when no steam was flowing. Steam flow, how- 
ever, changed this considerably and it was possible to obtain 
the desired result only by redesigning the valve. In the case 
referred to by the writer, the forces acting on the valve sleeve 
changed in some unknown relation to the change in steam flow 
which in turn changed P; — P;. No amount of adjustment on 
valve 4 could correct this situation. 


E. T. Jounson.17 The author has given a thorough mathe- 
matical analysis of the problem involved in overcoming the 
effect of time lag in a regulator. While it is admitted that the 
methods of solving control problems have been more or less 
empirical and that more rational methods would be desirable, 
it is questioned whether it would pay in practice to overcome 
the mechanical difficulties in making a regulator by applying 
the author’s suggestions with all their complexities. 

Inasmuch as hunting in a regulator is caused by overcorrection 
by the regulator itself, due to the various lags in the system, it 
is difficult to see how a regulator large and sensitive enough to 
handle the load variations in the installation without any appre- 
ciable shift in the control point could be made to move with such 
precision as not to have any tendency to overcorrect. 


Mem. A.S.M.E. 


17 Regulator Company, Chicago, Ill. 


The writer cannot agree with the author that sensitiveness 
and sticking are insignificant factors. It is a well-known prac- 
tice and has been shown by M. F. Behar? that reducing the 
sensitiveness of a regulator will eliminate hunting at a cost of 
inability of the regulator to maintain the control point with a 
change in load. If this latter feature were not important, there 
would be no necessity for other means to eliminate hunting. 
Also, sticking will cause sudden great variations in the flow of 
the controlled medium, which is conducive to hunting and 
should be eliminated entirely if possible. 

With a knowledge of the facts that (1) hunting can be elimi- 
nated by reducing the sensitiveness of the regulator and (2) a 
high degree of sensitiveness in the regulator is required to 
prevent an appreciable shift in the control point with a change 
in load, there remains for the instrument designer the only 
alternative of slowing down the valve movement without reduc- 
ing the sensitiveness of the regulator. 

The writer agrees with Mr. Mitereff’s opinion that the re- 
tarding of the valve by means of a dashpot can only be excused 
by a want of a better method. Any method for temporarily 
slowing down the valve movement should be applied as close 
to the primary element (such as the thermostatic bulb of a 
temperature regulator or the float of a liquid-level controller) 
as possible. 

It is known that a capacity in the controlled medium will 
slow down the valve movement and thereby eliminate hunting. 
A device applied to the primary element and having character- 
istics similar to that of a capacity in the controlled medium 
would, therefore, eliminate hunting of the valve. This device 
would smooth out the effect of violent changes around the 
primary element by storing up the excess of energy fed into this 
element by a departure from the normal plus value and feed 
this energy back into the primary element on the following 
departure from the normal minus value. This will reduce the 
regulator’s sensitiveness to sudden fluctuations in load but not 
to fluctuations of a longer period. 

It is well known and has been pointed out by M. F. Behar* 
that a regulator should react faster to a large sudden departure 
from normality than to asmaller one. This can be accomplished 
by having the device gradually build up resistance to the storage 
of more energy. 

How a device of this kind is applied to a self-operating tem- 
perature regulator is shown in Fig. 1 of this discussion. In this 
regulator the bulb 5 and the capillary connecting tube 3 are 
normally filled with a volatile liquid while in the vaporizing 
chamber 46 where normally exists a partial vacuum. A slight 
increase in temperature around the bulb 5 will force a portion of 
the liquid into the chamber 46 where it will flash into vapor and 
close the valve with a throttling action. A #/,in. valve with a 
bulb 5/s in. in diameter and 12 in. long will move from open to 
closed on a variation of 1 F. 

In installations with little or no capacity a regulator of this 
type will hunt due to too rapid valve movement with consequent 
overcorrections. The hunting eliminating device consists of 
a shell forming a liquid-filled chamber 79 (this chamber com- 
municates with the rest of the thermostatic bulb 5 through the 
capillary tube 76, the length of which is a certain predetermined 
fraction of the overall length of the capillary connecting tube 
3 between the valve and the bulb 5), and a flexible metal bellows 
77 sealed at both ends and filled with a compressible fluid such 
as air. 

Under normal operating conditions, the pressures on both 
sides of the bellows 77 are in equilibrium. A decrease in load 
with consequent increase in the temperature of the controlled 
fluid will expand the liquid in the thermostatic bulb 5. 

Because of the lesser resistance in the tube 76 relative to the 
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tube 8, the greatest part of the increment in volume of the liquid 
in the bulb 5, as a result of its expansion, will flow into chamber 
79 and compress the bellows 77. A small departure from 
normality of short duration will be almost entirely absorbed 
by chamber 79. Should this departure persist, the valve will 
finally become actuated to the full value of the increment 
volume in the bulb 5, at which time the pressures on both sides 
of the bellows 77 again will be in equilibrium. 

When the departure from normality increases in value, the 
» amount of liquid flowing into the shock-absorbing chamber 79 
and the vaporizing chamber 46 increases correspondingly. 

As the bellows 77 is being compressed due to the inflow of 
liquid into the chamber 79, its resistance to compression builds 
up due to the natural spring tension in the bellows. The pressure 
in the chamber 79 builds up accordingly with resultant resistance 
to inflow of liquid through the tube 76. Therefore, as the de- 
parture from normality increases in value, so will the amount of 
liquid flowing through the tube 3 increase relative to that of the 
tube 76 with a resultant increase in speed of valve movements. 

It has been shown that a departure from the normal plus 
value will force a portion of the liquid in the bulb 5 into the 
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chamber 79, thereby temporarily reducing the speed of the valve 
movement. It will be seen that a departure from the normal 
minus value will contract the liquid in the bulb 5 with a resultant 
decrease in pressure in the bulb. The liquid in the chamber 79 
will then flow out into the bulb 5 until the pressures on both sides 
of the bellows 77 are in equilibrium, in the meantime reducing 
the rate at which the valve throttle 37 will open. 

For more complicated processes it might be desirable to adjust 
the rate at which the spring tension in the bellows 77 increases, 


which in turn will change the rate at which the valve movement 
will be speeded up with an increase in the departure from nor- 
mality of the controlled process. 

This can be accomplished by placing chamber 75 in such a 
position inside or outside bulb 5 that a spring or other means 
can be made to resist the compression of the bellows 77. Ad- 
justments are made by changes in the effective length of the 
spring rather than by changes in the spring tension. It is 
evident that a damping device of this kind can be applied to 
other types of regulators than the one shown in Fig. 1 of this 
discussion. 


P. W. Keppier!® anp E. A. Sazo.!8 The author has intro- 
duced equations for expressing the characteristics of regulators. 
He has also stressed the desirability of dP/dt as a regulator 
characteristic for counteracting time lag. These appear note- 
worthy contributions to the art of automatic control. 

This paper concentrates so much on lag in control lines that 
the dP/dt regulator might appear restricted to this one field. 
However, many other and more formidable time lags have to 
be dealt with. It would seem that dP/dt, being a direct measure 
of difference between input and output, could be used to guide 
the regulator in any case where great time lags are encountered 
and very good accuracy is desired. 

The writers have used a simple device to regulate the coal 
input into ball-type unit mills, the response of which was slow. 
It was desired to have the overtravel of the feeder speed regu- 
lator vary with the rapidity of the control demand, which is 
dP/dt, because full travel was known to be necessary to take 
care of rapid changes in load and steam pressure. The char- 
acteristic equation of this regulator does not contain dP/dt, and 
is of the general order of the author’s Equation [5], though much 
more complicated. This equation is 


F = KiP — [K2/(K; + Ki f Pat — Ks JS Fadt)] 


Nevertheless, if properly designed and adjusted, this regulator 
resembles the dP/dt regulator so closely in action that a similar 
regulating effect should be obtainable. The actual regulator 
contains a servo-motor and a speed-measuring device and is 
attached to rheostats; it really controls mill output. Its prin- 
ciples may better be illustrated diagrammatically, assuming 
control of compressed-air pressure, and omitting the servo-motor. 

Fig. 2 of this discussion shows at the bottom a compressed- 
air line with supply from the right. The control valve O regu- 
lates the constant pressure N, while the demand at M varies 
in an irregular manner. The pressure JN is led to diaphragm U 
over which there is a liquid. This liquid communicates through 
needle valve R with the closed chamber T containing diaphragm 
V, equal to U in area. These diaphragms actuate valve O by 
the differential linkage shown. The motion of the diaphragms 
should here be looked upon as so small that the pressure in T 
is not affected by it. Upon a change in N, called P in the 
paper, the regulating effect F is great at first because the pressure 
in 7 cannot change immediately, and nearly equals K X P X A. 
As the pressure in 7’ gradually changes due to liquid flowing 
through R, F decreases until F finally equals only KP(A — B). 
In the actual regulator B equals 0.9A. The writers have de- 
termined the shape of some curves of F against time. In this 
discussion B was assumed to be equal to 0.95 A which is entirely 
feasible and brings out the characteristics of this regulator more 
clearly. The small effect of the liquid level on pressure. has 
been neglected. The liquid flow in the actual regulator is 


18 Testing Engineer, United Electric Light & Power Company, 
New York, N. Y. Jun. A.S.M.E. 

19 Engineering Assistant, United Electric Light & Power Company, 
New York, N. Y., Jun. A.S.M.E. 
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probably not strictly viscous but a mixture of hydraulic and 
viscous. This improves its action somewhat, but straight 
viscous flow was here assumed for the sake of simplicity. 

At the top of Fig. 3 of this discussion are shown assumed 


curves of control deviation P against time. These curves are 
constant at first, then they fall at a uniform rate, finally remain- 
ing constant again. It is convenient to use a simple curve of P. 
But the sudden changes in dP/dt, as P abruptly starts and stops 
falling, imply sudden rises and drops in control demand. The 
dashed curves show the author’s regulator with F equals KiP + 
K.dP/dt. The full-line curves show F of the regulator shown 
in Fig. 2 of this discussion. It is seen that the action of this 
regulator resembles that of the dP/dt regulator quite closely. 
It is seen that its F rises rapidly as dP/dt changes from 0 to its 
rate of drop. When P stops falling, F drops off sharply. 

To show that this overtraveling effect is approximately 
proportional to dP/dt, F curves are shown at the right of Fig. 3 
of this discussion for double dP/dt, i.e., P falling twice as rapidly. 
It is seen that F for Fig. 2 of this discussion (full line) is approxi- 
mately proportional to dP/dt, as seen by the F of the dP/dé 
regulator (dashed line). 

Regulators of this type have given satisfactory service in 
reducing time lag of unit mills. It might be supposed that it 
is difficult to maintain the dead air space in the closed chamber 
T. But this has been giving no trouble whatever. This type 
of regulator may also be varied in many ways. One interesting 
possibility would be to replace the top of chamber 7 with a 
spring-loaded diaphragm with or without air under it. Without 
air, the author’s Equation [5] is fulfilled. The regulator action, 
however, does not come as close to the dP/dt type. 

In other difficult cases comparatively simple regulators 
with equation F = K,fPdt + K»p have given good service. 
It has been found that K2 can usually be made quite large without 
hunting, so that the regulator can be made to overtravel con- 
siderably, thus speeding up sluggish equipment. 

Nevertheless, for many cases the dP/dt regulator would appear 
well justified in spite of its inherent complication, because 
dP/dt is a direct and accurate measure of how far the regulator 
should move. 


R. L. Gorrzenpercer.”” In his attempt to classify con- 
tinuous-type automatic controllers on the basis of the deviation- 
reaction characteristic, Mr. Mitereff has made a thorough and. 
commendable mathematical study. However, it seems to 
me to lack a great deal in being a treatment of the principles 
of automatic control as the scope of its title might indicate. 

The fact that little may have been published on the subject 
of automatic regulators does not imply that manufacturers of 
this apparatus have not explored scientific grounds and are not 
familiar with the fundamental equations expressing character- 
istics. Where empirical methods have been resorted to in the 
solution of any problem it is because the physical conditions 
under which the apparatus is to operate and the rare demands 
for extreme precision do not warrant the utilization of complicated’ 
mechanisms with consequent high apparatus costs. However,. 
agreat deal of thought is being given to the development of devices 
that will more nearly solve automatically the mathematical’ 
equations and still keep them within the realm of practical and 
economical application where performance, accuracy, and low 
maintenance expense must be preserved. The trend of this 
thought has been recorded ably by M. F. Behar,’ who not only 
gives industry and the instrument maker an up-to-date treatise: 
but also educates them in the use of a common language through 
suggested terminology, a contribution worthy of serious con- 
sideration by standardization committees of the engineering 
societies. 

Certainly no control manufacturer is desirous of conducting- 
experiments at his customers’ expense, yet it must be recognized 


*0 Manager Industrial Regulator Division, Minneapolis-Honeywell: 
Regulator Company, Minneapolis, Minn. Mem. A.8.M.E. 
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that the complete solution of an automatic-control problem 
involves more than a concept of the characteristics of a regulator 
which can be expressed mathematically. It also necessitates 
knowledge of the wide variations in processing conditions. 
Therefore, it is not unreasonable to expect that in the instance 
of unusual installations some cut-and-try methods of adjust- 
ment will be required, and this may even exist in the instance 
of the more general ones until there have been accumulated con- 
stants for all typical examples which, in the case of temperature, 
include those for heat transfer that are not constant but vary 
with such factors as temperature, pressure, rates of flow. Ex- 
perience, gained through well-engineered applications, coupled 
with the equations advanced by Mr. Mitereff seems to offer the 
practical solution to most automatic-control problems. 


ArtHuR Epwarps.2! Mr. Mitereff’s paper is a notable 
contribution to the subject of automatic control. The formulas 
presented are distinct and apply to a certain aspect of the system. 
One would have to apply them to difficult cases in order to eval- 
uate them and comment on their use. A number of control 
factors such as the speed-load characteristics of the machines 
governed have been eliminated purposely from the formulas 
and an attempt to include them would only complicate a paper 
which already has had to be cut for publication. It is to be 
hoped that Mr. Mitereff will cover these related phases of regu- 
lation in his forthcoming book. f 

Unfortunately, Mr. Mitereff will discover that a large pro 
portion of the regulator-using public is frightened more by an 
integral sign than by the fact that regulation has been haphaz- 
ardin the past. This paper is of value, however, to persons who 
are responsible for the development of the art, and the average 
user need not be aware that a differential equation lies behind 
the development. 


E. F. Hanrorp.?2. Mr. Mitereff has presented a qualitative 
mathematical analysis of the behavior of automatic-control 
apparatus which merits considerable study. In designing a 
new plant the engineer selects the type of control which his 
experience tells him is best fitted for the problem at hand. He 
may visit the plant a year or so later and find the automatic 
control disconnected or inoperative and wonder at the stupidity 
of the operators. The engineer and operator have both done 
their best, but the operator has come to the conclusion that while 
the controls can be made to work, he can get better performance 
without them. 

After the plant is in operation, plant engineers are careful 
in installing automatic controls and rarely do so unless they have 
had some experience with an identical installation. They have 
to talk to the management in dollars and cents. 

These same engineers would have installed almost any other 
piece of equipment with less hesitation. The difference is due 
to the fact that the characteristic behavior of the several types 
of controls is only known empirically. The past twenty years 
have seen an ever-increasing invasion of these robots, good and 
bad. With the assistance of Mr. Mitereff’s dissertation on 
automatic-control problems, engineers will probably learn that 
all automatic-control equipment will operate successfully when 
properly chosen. 


Enpres Zruuas.23 Mr. Mitereff’s paper is of interest and 
deserves commendation. The lag element in automatic-control 
apparatus as explained by the author is an important feature 
of such equipment. With the aid of the equations derived in 


21 Boston, Mass. Jun. A.S.M.E. 
22 Lever Brothers Company, Hammond, Ind. 
23 Oswego, N. Y. 


the paper, the accuracy of automatic regulating mechanisms 
should be increased and undue waste of fluctuating control 
eliminated. 


W. F. Ryan.?4 There is much food for thought in Mr. Mite- 
reff’s paper for the designer of any important control. It is 
of little importance to any one, except perhaps Mr. Mitereff, 
whether or not the Class-VII to Class-XII regulators are really 
new. The important questions are: 

1 Can the desired results be obtained more directly, more 
positively, more simply, or more cheaply than they are commonly 
obtained by existing devices? 

2 Can the painful cut-and-try period, which is usually 
experienced on any really new control problem, be shortened 
by a rational analysis of the problem? 

There has been much valid criticism of Mr. Mitereff’s paper, 
but some of the discussion might have been omitted if the dis- 
cussers had understood the meaning of the word “rational,” 
as it is used in the title. Nevertheless a great mass of practical 
experience has been built up by cut-and-try and rule-of-thumb 
methods, and this experience is of much value in the solution 
of any problem of regulation. 

In spite of the literature which has been cited, consideration 
of so highly developed a device as the governing mechanism on 
a large turbo-generator, in the light of Mr. Mitereff’s analysis, 
leads to the belief that the rational approach has been somewhat 
neglected. Differential effects have been recognized in governor 
design since the days of Watt, but they have been suppressed 
by great weight and power. Suppose, instead of suppressing 
these effects, they were turned to account in promoting regula- 
tion, as Mr. Mitereff suggests? Would regulation be better, 
simpler, or less costly? One of the greatest problems in the 
design of the Panama Canal was solved when the engineers 
ceased trying to divert the Chagres River and decided to make 
use of its waters in the operation of the canal. 

There is no discrepancy between theory and practice, in any 
field whatsoever, if the theory is sound and complete. It is 
the particular function of a society like ours to reconcile theory 
and practice; in other words, to bridge the gap between the 
pure scientist and the practical plumber. We must apply the 
test of practical experience to all new theories before they are 
accepted. Conversely, we should apply mathematical and 
scientific analysis to those arts which have been developed 
chiefly by practical experience. 

Mr. Mitereff’s paper is an effort to apply mathematics and 
science to the problem of control. He is not the first to make 
this attempt, but he is perhaps responsible for awakening many 
members of this Society to its possibilities. In spite of defects 
which have been pointed out by competent critics, the paper 
can be made an instrument of much value to designers of regu- 
lating equipment if it induces them to attack their problems 
along rational lines, whether they adopt Mr. Miterefi’s analysis, 
or apply original methods of their own. 


AuTHOR’s CLOSURE 


P. S. Dickey remarks that the paper omits the equation ex- 
pressing the relationship between the motion of the final operating 
element and the rate of flow of energy of a fluid to or from the stor- 
age. For dynamic conditions the form of this equation will depend 
upon what M. F. Behar? calls “application time lag.” It was 
taken for granted, moreover, that the ports of a regulating valve 
should be so designed as to result, at static conditions, in the rate 
of flow substantially proportional to its opening. 


24Stone & Webster Engineering Corp., Boston, Mass. Mem. 
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By an electrical contactor was meant a rheostat which is an 
electric counterpart of the fluid resistance of a valve. 

A pilot line was selected as a typical example of the time lag 
simply on the basis of the case of analysis. However, in the com- 
plete text of the paper” an analysis is made of the time lag which 
occurs often in the response of the system to the action of the 
regulator (‘‘application lag’). 

Attention is called in this connection to the statement in the 
paper that ‘‘The time lag arising from the use of a pilot line is 
typical of any other source of time lag in any other part of the 
controlled system.’”’ Due to lack of space for detailed explanation, 
it was intended that this statement should be taken at its full 
face value. This latter kind of time lag is probably more im- 
portant from a practical standpoint than is the time lag in the 
transmission of the primary impulses, as P. W. Keppler and 
E. A. Salo pointed out in the example from their experience. 

Another example of the time lag between the action of the 
regulator and the response of the system to it was cited in cur- 
rent literature. 

An installation was described in which it was desired to control 
the speed of induced-draft fans driven through a hydraulic type 
of variable reduction gear, the time lag occurring in the gear. 
After some experimentation, the problem of encountered violent 
‘hunting’ was solved by the installation of auxiliary dampers. 
A much more economical and satisfactory solution could have 
been obtained by the use of a regulator of characteristic VII or 
perhaps IX, depending upon the particular kind of time lag of 
the reduction gear. Such rational solution would have eliminated 
the waste of power due to auxiliary dampers of the empirical 
solution adopted. 

The voltage regulation of a generator is another good instance 
where characteristic VII would be of great advantage in counter- 
acting the lag due to electrical inertia of the magnetic field. 

Referring to P. R. Dickey’s criticism of the solution of the level- 
control installation shown in the paper, the solution presented 
is quite correct and complete. For the installation shown in Fig. 1 
of the paper, for instance a regulator of characteristic IX should 
be used to (1) counteract the resistance of the pilot line 2 if it 
were very short and (2) counteract the inertia of fluid in line 6 if 
it were comparatively long. In this case the constant K, in Equa- 
tion [9] could be increased so greatly that the shape of the 
valve 5 would be of practically no importance; even a disk- 
shaped valve would be sufficient. 

In so far as the three-element type of boiler-feedwater regulator 
is concerned, the author fully recognizes its advantages in this 
particular application as well as in all other installations where 
it is either impractical or impossible to measure accurately the 
amount of fluid or power in storage. This however, does not 
occur very often. 

On the other hand, if it were practicable to suspend a boiler on 
a scale, so as to be able to measure the amount of water in it 
independently of ‘‘swelling,” a regulator of simple characteristic 
II would have given even better results. 

The inconsistency in the use of symbols noted by P. S. Dickey 
is only apparent, since the distance traversed by a regulating 
valve zs the final regulating effect of a regulator actuating the 
valve, while the rate of flow through the valve depends upon the 
conditions of the system external to the regulator. 

The discussion of M. J. Zucrow is not very pertinent. The 
term “a measuring instrument” is not a particularly good one, 
since there is nothing about the diaphragm of a pressure regulator, 
for instance, which would indicate the pressure applied to it, 


26 The author’s published paper did not include a complete demon- 
stration of all the regulators mentioned by the author. However, a 
complete demonstration of all the cases has been filed by the author 
in the archives of the Society. 


especially if there is no relationship between the pressure and the 
distance traversed by the diaphragm. The author could never 
understand the reason for voluminous theoretical literature on 
speed governors of steam turbines and engines. Due to an almost 
complete absence of the time lag all one has to do to completely 
solve the problem is to design a very accurate and powerful 
governor having the characteristic I. 

That the practical difficulties of designing such a governor are 
not insurmountable is attested by an excellent fluid-pressure 
governor of this characteristic developed in recent years by the 
Westinghouse Electric and Manufacturing Company. 

The division of regulators into self-operating and relay con- 
trollers is unimportant, since both of these types can have prac- 
tically any basic characteristics. If a great power is required a 
relay would naturally be used. 

The term ‘controller period’? mentioned by Dr. Zucrow is 
just another name for the time lag inside the regulator itself. 
This time lag distorts the performance of a regulator as com- 
pared with its theoretical basic characteristic and it is the duty 
of the designer to minimize this distortion. The first step, how- 
ever, is to decide just which basic characteristic is correct for a 
given system external to the regulator, because if the basic 
characteristic is not properly selected, even a perfect regulator 
of this characteristic will be unsatisfactory. 

The classification in the paper is based not on “metered reaction 
time” but is made according to the basic performance character- 
istics, that is, according to the fundamental relationship between 
the primary impulse actuating the regulator and its final regu- 
lating effect (movement of the valve). 

The author is in perfect agreement with the quotation closing 
the discussion of M. J. Zucrow. 

The classification given by Ed 8. Smith, Jr., is incomplete and 
his designation of the corresponding classes of the paper is purely 
verbal and therefore indefinite. One may call a regulator of 
Class II “corresponding” or a regulator of Class III ‘‘compensat- 
ing’ but it is much more definite to express its performance 
by a mathematical equation. 

The examples of the regulators in the paper are mostly illustra- 
tive, the commercial designs of the rate-of-change responsive 
regulators are covered by author’s U. S. Patents Nos. 1,955,680; 
2,015,861; 2,015,862; 2,020,847; 2,022,818. 

The author is in accord with the suggestions of EdS. Smith, Jr. 
that a standardization committee, preferably under the auspices 
of A.S.M.E. should be set up to decide on the terminology, clas- 
sification, and the rules of selection for automatic regulators, 
as well as on the procedure of acceptance tests. 

Such terms as “‘sensitiveness’”’ versus “sensitivity” are very 
confusing at present. 

“Sensitiveness” can be defined as the degree of accuracy of 
response to primary impulses of small magnitude, whereas 
“sensitivity” is nothing else but the value of constant Ky in Equa- 
tions [2], [7], and [9] of the paper. 

The author used in his studies a sine function as the basis 
for graphical investigation of the problem of “hunting” with 
gratifying results. 

The possibility of practical design of a cyclical regulator in- 
volving the differentiation by the step-by-step method is recog~ 
nized by the author and he hopes the manufacturers of such regu- 
lators will not be slow in putting this development on the market. 

The field of temperature control is in great need of this develop- 
ment. In the installations where the rate of heat transfer varies: 
considerably, an automatic adjustment of the constant coefficients. 
in accordance with the load will be advantageous. 

H. A. Rolnick made an excellent analysis of the regulators of 
the first five classes. 

Class IV is really the Class I provided with an automatic: 
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adjustment of the primary impulse since Equation [4] of the 
paper could be rewritten as k.F =k; f [P—(1/k:)F] +c. Class 
I is inherently hunting even in the absence of the time lag and 
should never be used. 

In spite of the popularity of Class-III regulator this class is 
in the nature of an artifice ameliorating but not solving the 
problem of the time lag, it is, however, the best characteristic 
now on the market with the possible exception of Class V. 

H. A. Rolnick is quite correct in stating that patent No. 
1,497,164 shows a cyclical controller of the characteristic VII, 
(or more exactly of characteristic VIII). 

However, the equation F + k,(dF/dT) = keP + k3(dP/dT) 
can also be considered as an alternate expression of the charac- 
teristic V obtained by differentation of Equation [5] of the paper. 

C. 8. Robinson’s remark that it is not always easy to divide 
the system into automatic-control apparatus proper and the 
system to be controlled, is not substantiated by a valid example. 
It could be stated in this connection, that the equipment 
shipped by the control manufacturer is an automatic-control ap- 
paratus, whereas the purchaser’s plant is the system external to 
the regulator. 

The explanation of the characteristic I, cannot be improved 
by the author as suggested by Mr. Robinson. The regulating 
valve should be so designed as not to overtax the available power 
, of the regulator, since a sticky or unbalanced valve can not only 
distort the basic characteristic of the regulator, but can even 
stop the regulator altogether, if the regulator is too weak for 
this task. Considerations such as these have very little to do, 
however, with the basic aspects of the problem investigated in 
the paper. 

The author cannot agree with E. T. Johnson that the ‘‘hunt- 
ing”? can be completely solved, without detrimental results, by 
the introduction of an artificial time lag, provided this time lag 
is introduced at the point of generation of the primary impulse. 
The effect of time lag is substantially the same irrespective of the 
place of its introduction. 

The discussion by P. W. Keppler and E. A. Salo is valuable 
and contributes to a better understanding of the main thesis 
of the paper. 

E. F. Hanford is quite correct in his analysis of the only too 
often encountered difficulty in keeping automatic controls in 
operation. Part of the difficulty mentioned by Mr. Hanford lies 
in the regulators, since the usual acceptance tests are not at all 
indicative of the regulator’s performance under all and sundry 
conditions, and if a regulator periodically upsets the operation, 
the operator is justified in his choice of preferring to watch only 
the operation rather than to watch both the operation and the 
) regulator. 

W. F. Ryan’s reference to inertia governors is quite timely. 

The characteristic of an inertia governor as previously designed 
(that is involving an appreciable travel of the weights in radial 
and circumferential direction in relation to rotation) is sub- 
stantially 


Td , dP 
F + ks oa = aP + ha 


The term k;(d?F/dT”) is due to the retarding effect of inertia of 
the weights during their travel and it cannot be eliminated in a 
conventional design. Moreover, even in pure form, the charac- 
teristic VII is only detrimental to proper speed regulation of 
steam-driven equipment due to absence of time lag in such 
systems. 

Whatever success the inertia governors achieved in speed 
governing of steam engines is due entirely to the fact that weights 
are damped with a dashpot obtaining the characteristic 


dF a2F dP 
Bot ky op t eo = tes, 

If ks is made so small as to practically eliminate term 
ks (d?F/dT?), this characteristic reduces with proper adjustment 
to Equation [2] or F = k,P which is quite correct in this ap- 
plication as was pointed out before. 

Incidentally the discoverer of the rate of change respon- 
sive characteristics is Nicolai Minorsky (U. S. Patent No. 
1,436,280) who gave a rational solution of the problem of the 
steering of ships by the application of these characteristics. 
There is no evidence, however, that at that time Dr. Minorsky 
realized all the implications of his discovery. 

The author wishes to acknowledge his indebtedness for invalu- 
able help and encouragement given to him by W. F. Ryan in 
preparation of the paper. 


Draft-Gear Action in Long Trains’ 


L. K. Srttcox.2. The problem before the manufacturers of 
railway draft gears has been constantly that of installing, within 
a specified and definitely limited space, elements capable of pre- 
senting the maximum energy-absorption capacity consistent with 
tolerable end loading transmitted to the car structure. It is 
no longer a question of how much capacity is required under 
service conditions—the living necessity is for the utmost capacity 
which can be crowded into the standard pocket. No matter how 
rapidly capacity has been increased, or how far technical in- 
genuity has permitted the introduction of gear types offering this 
capacity with attendant and suitable characteristics of release, 
sturdiness, and durability, the demand has been such as to eclipse 
the ability of the perfected gear to protect positively the car 
structure against damaging shocks in view of modern operating 
conditions. 

While the need for ultra high energy-absorption-capacity draft 
gears has become particularly urgent to relieve properly the car 
structure of stresses which it would otherwise be called upon to 
withstand, notably under conditions of buffing shocks, instances 
have developed when this high capacity, obtained by raising the 
line of delivered force throughout the range of gear travel, has 
proved a disadvantage in itself. It has been the cause of hard- 
riding qualities on the part of modern locomotives during the 
acceleration period since the maximum tractive effort of the loco- 
motive has, in some instances, resulted in but slight gear move- 
ment with an inadequate measure of resilience to cushion the 
pulsating forces delivered by the pistons. There is then the need 
for entirely different draft-gear characteristics obtaining at the 
rear of the tenders of even the most powerful freight locomotives. 
So it is that capacity alone does not represent the only feature 
which must be respected in fitting modern draft gears to modern 
train equipment. 

Mr. Wikander’s analysis of the draft-gear problem represents 
a highly commendable endeavor to arrive at the conditions which 
must be met in order that the draft gear may perform its funda- 
mental purpose. Treated conversely, the railways might benefit 
by an analysis of the most severe conditions which may be safely 
imposed upon available gears. The expeditious movement of 
freight represents efficient handling until the point is reached 
where the cost of handling exceeds the advantages derived. 
There is an optimum switching speed which, when respected, 
will result in the greatest net benefit. But switching speeds are 
the most readily calculable part of any investigation of train 


1 Published as paper RR-57-1, by O. R. Wikander, in the August, 
1935, issue of the A.S.M.E. Transactions. 

2 Vice-President, The New York Air Brake Company, Watertown, 
N. Y. Mem. A.S.M.E. 
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shock. The many and unpredictable variables which are en- 
countered in train service are indicated by Mr. Wikander as he 
establishes the basis of his investigations. To the effects of free 
slack, distribution of loads and empties, and brake propagation 
time, practical operation adds factors of braking ratios, a coef- 
ficient of brake-shoe friction, which is variable and sensitive 
to brake-shoe pressure differentials, properly fitting and poorly 
fitting brake shoes, grade, curvature, and many other dis- 
turbing elements with which no analytical survey can deal 
completely. 

The air brake and the draft gear are closely related and es- 
sential allies in permitting the safe control of long trains. The 
air-brake type, although it will, without regard to the manner of 
operation, stop the train in the shortest possible distance, would 
be as ineffective an agent in safely controlling coupled cars as 
would the draft gear selected merely to protect trailing cars in the 
event of collision. The function of the air brake is that of 
bringing a moving train to a stop under emergency conditions 
in the shortest distance consistent with the production of re- 
sultant stresses between cars well within the cushioning capacity 
of the draft gears. 

We have witnessed wonderful and simultaneous development 
of draft-gear and air-brake appliances to the extent that the 
worst of railway offenders, the long tonnage freight train, travel- 
ing at modern speeds, no longer need represent the hazard that 
marked its introduction. There remains the necessity for the 
development and enforcement of proper standards of maintenance 
for the draft gear on the one hand, and proper instruction in the 
judicious use of the air brake on the other. While the latter need 
is generally well met and expert manipulation is the rule, draft- 
gear maintenance is frequently neglected to the extent that the 
superior qualities which the manufacturer builds into his equip- 
ment are permitted to deteriorate and conditions result for which 
no braking appliance can, of itself, compensate. 


AUTHOR’s CLOSURE 


Mr. Sillcox’s views on draft-gear problems are of great value 
because he approaches such problems, not only as a practical 
railroad man, but also as a designer of air brakes and a trained 
scientific investigator. 

He rightly points out that the basic draft-gear problem is to 
provide a device which, within the limited space available, will 
give high capacity without excessive reaction on the car sills. 

This, as he says, requires proper proportioning of the gear. 
Resistance to the initial force must be adequate so that the aver- 
age resistance may be high without producing an unduly high 
final car-sill reaction. At the same time the spring action must 
also be adequate. 

Mr. Sillcox calls attention to the fact that high capacity in- 
correctly obtained may result in the transmission of undesirable 
vibrations from the locomotive to the train. This is generally 
due to too great a portion of the capacity of the gear being ob- 
tained by friction rather than spring action. 

Under the pulsating tractive effort of the locomotive the co- 
efficient of friction drops, the gear creeps shut, and is thus ineffec- 
tive in cushioning the pulsations. This is a characteristic of 
gears showing too low a recoil value under the drop test. 

If the spring action of a gear is high compared with the pulsat- 
ing draw-bar pull the hard riding to which Mr. Sillcox refers will 
be eliminated. To be satisfactory in this respect the draft gear 
must show a moderately high recoil in the drop test. 

Mr. Sillcox’s plea for proper draft-gear inspection and mainte- 
nance is most timely. The Association of American Railroads 
has provided specifications for the purchase of draft gears. Proper 
standards of maintenance are necessary if effective service is to be 
obtained from the gears. 
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Rolling-in of Boiler Tubes! 


L. Sxoa.? The elongation method of tube rolling described by 
the authors appears to have advantages over the old methods in 
that some of the guess work is, no doubt, removed in measuring 
the elongation of the tube during the rolling-in process. It ap- 
pears, however, that this method would be considerably more ex- 
pensive, in that an additional man would be required to take care 
of the indicator gage and also because each row of tubes in a boiler 
of bent-tube design will have to be set in position and rolled-in 
before the succeeding rows of tubes can be installed, thereby in- 
creasing considerably, the time required and the cost. 

The variation in diameter of tube holes given in the authors’ 
Table 1, is much greater than we have found in our practice and 
must be unusual cases. This variation should not exceed 0.005 
in. between the maximum and minimum, which would give ample 
tolerance for manufacture. Variation in outside tube diameter, 
which should not exceed 4/3. in., is also greater than we have 
found. These variations in diameter of tube holes and outside 
diameter of tubes are of importance in getting a satisfactory rolled- 
in job, no matter what method of rolling is used. It is, of course 
also important that the outside diameter of the tube be a true 
circle so that the tube wall will bear uniformly against the tube 
hole during the rolling-in operation. If the tube is not circular 
it may touch the tube holes in only one or a few places at which 
time the indicator-gage needle will be quiet and the prescribed 
elongation may not give the true condition of the roll. With the 
elongation method it would be of utmost importance to determine 
the correct elongation for a particular installation before the job 
is started because, if the prescribed elongation should happen to 
be incorrect, all tubes in the boiler may be overrolled or under- 
rolled, this would not be determined before the boiler is tested 
hydrostatically, in which case all the tubes might have to be re- 
rolled without the aid of the indicator gage. 


In most of our installations we have been using the uniform- 


expander-entrance method, which has given satisfactory results. 
In the last 16 large boilers installed under the supervision of the 
firm the writer is associated with, only a few minor leaks ap- 
peared during the preliminary hydrostatic test, and after these 
leaks were tightened by slight rerolling, the boilers were passed 
by the insurance inspectors. 


E. W. O’Brien.’ Irrespective of the results that may be ob- 
tained from the use of the elongation method of tube rolling, the 
authors have rendered a service to the profession by (1) pointing 
out the scarcity of information on true tube rolling; (2) analyz- 
ing the phases of tube rolling and setting forth the requirements 
for forming an ideal joint; and (3) bringing to light flaws in the 
several conventional methods of producing joints, thereby stress- 
ing the need for a tube-rolling method that will consistently pro- 
duce uniformly rolled joints in a given bank of tubes. 

The results obtained on the test specimens, the joint surfaces 
of which were uniformly smoothed and finished, indicate the 
correctness of the thesis that a definite (though changing) rela- 
tion exists between tube elongation and joint holding strength. 
When this relation has been worked out to give the proper elonga- 
tion for the greatest joint strength in the several conventional 
joints now employed, it will not be a difficult matter to put the 
authors’ method into general practice. 

The writer would be interested in knowing if, when rolling a 
single tube into a pair of tube sheets at a time when all the other 
tubes are rolled in place and when for all practical purposes the 


1 Published as paper FSP-57-7, by F. F. Fisher and E. T. Cope, 
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sheets are immovable, will the rolling of the tube to a change in 
wall thickness, equal to that undergone by the other tubes, pro- 
duce an elongation of magnitude equal to that produced by the 
other tubes? In this instance, the tube is subjected to compres- 
sion, and it would seem that rather than producing an elonga- 
tion, the flow of metal out of the joint would result in a compres- 
sion of the metal in the remaining portion of the tube; at least, 
any elongation that would be produced would not be so great as 
would be produced were the other end of the tube free. 


C. H. Fettows.‘ The paper by Messrs. Fisher and Cope has 
served to call attention to the source of at least one type of boiler- 
tube corrosion, i.e., pitting immediately outside the tube sheet. 
The stresses set up in the metal at this point as the result of im- 
proper rolling, which generally means more or less severe over- 
rolling, makes the metal] readily susceptible to corrosion, par- 
ticularly in boilers where untreated or mildly treated evaporated 
make-up is used. 

Corrosion of this particular type is not infrequent in boilers, 
and although in many instances the condition of the metal has 
been considered a contributing factor, nothing much could be 
done about it because there has been no practicable method of 
rolling-in tubes that would not leave this particular spot in the 
tube in an abnormal highly stressed condition. Cracked surfaces 
of the tubes resulting from severe rolling is a condition that prob- 
ably exists in many tubes now installed and which may be se- 
verely pitted as the result of localized concentrated attack of 
oxygen on highly stressed metal. 

The ever present interest in the phenomenon of caustic em- 
brittlement is made more prominent by this paper. When it is 
considered that abnormal stress is one of the factors which causes 
this type of embrittlement, it is conceivable that rolling-in boiler 
tubes as described by Messrs. Fisher and Cope, may limit such 
embrittlement by reducing to a marked degree the stresses in- 
duced in the drum sheet. Although caustic embrittlement in 
tubes or the sheet adjacent to the tubes is less prevalent than in 
the vicinity of the rivets, it has been known to occur. Any 
steps that can be taken to reduce or eliminate one of the factors 
known to contribute to the development of this phenomenon 
should be welcomed and carefully investigated by the industry. 


Wuapimir Norrr.® The method of rolling-in boiler tubes de- 
scribed by the authors enables one to control individually the 
quality of every joint in a boiler, and since the writer has had 
some experience in this field he takes this opportunity to advance 
some observations concerning the use of this method in practice. 

1 Theauthors have not pointed out how (a) the thickness of 
the tube wall, (b) the decrease in the thickness of the tube wall 
after it has been rolled, (c) the width of the inrolled ring of the 
tube in the tube sheet, is related to the elongation of the tube. 
Therefore, they recommend for all cases and all types of boilers 
the same elongation of 0.02 in. The writer is of the opinion 
that it will be more suitable to fix the desired elongation to corre- 
spond to the variations of the thickness of the tube wall, the de- 
crease in the thickness of the tube wall after it has been rolled 
and the width of the inrolled ring in the tube sheet. The rela- 
tion between these quantities in a slightly simplified form can be 
deduced from a geometrical consideration, Fig. 1 of this discus- 
sion, neglecting the increase of the specific volume of the metal 
by cold working, and also that the form of the tube end and of the 
tube hole in practice cannot be perfectly regular. In the writer’s 
Fig. 1, the longitudinal section of the inrolled ring of the tube be- 
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fore the rolling is represented by full lines while the dotted lines 
represent the same section after rolling. In Fig. 1, ] is the width 
of the tube ring before rolling, \ is the axial elongation in one 
direction presumably equal to one-half of the total elongation, 
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b is the initial thickness of the tube wall, and 8 is the thinning 
(decrease of thickness) of the tube wall. According to the 
writer’s reasoning, the areas of both rectangles must be equal, or 


(J — 2d) (6 — 8) = bl 
or 
bl + 2 bd’ — Bl — 2 BA = Dl 


Therefore 


This formula shows that the controlled elongation at 6 = 
constant must be proportional to the initial width of the inrolled 
tube ring and almost inversely proportional to the thickness of 
the wall. Therefore, the desired elongation for each type of tube 
can be determined by using formula [1] of this discussion, once 
the decrease in thickness of the tube wall has been found experi- 
mentally. In reality this was done by the authors when they 
determined an elongation of 0.025 in. for the tubes in the Ford 
Motor Company station which operates at 1435 lb per sq in., 
and an elongation of 0.016 in. for the tubes in the Springwells 
plant which operates at 400 lb per sq in., apparently because the 
thickness of the shell walls is greater at the former station. 

2 The authors are right when they recommend the use of the 
elongation of the tubes as an indication of the quality of the 
joints of rolled-in boiler tubes, but their method of determining 
the desired elongation can hardly be taken as being correct. In 
the writer’s opinion, the desired elongation must be determined 
from the thinning of the tube wall which in turn must be de- 
termined in accordance with the degree of tube-hole expansion. 

3 From the physical point of view, the strength and tightness 
of the joint are determined, as it appears from the investigations® 
of A. Thum and R. Jantscha, and others, by the degree of tube- 
hole expansion. This expansion is expressed by 


A = [(D’ — D)/D] 100 


where D is the diameter of the tube hole before rolling, D’ is the 
diameter of the tube hole after rolling, and A is the degree of tube- 
hole expansion. All the tests that are conducted for investigat- 
ing the properties of the joints must be based either on the degree 
of tube-hole expansion A, or on the absolute increase of the tube- 
hole diameter or radius as mentioned in the paper® by A. Thum and 
R. Jantscha. It must be assumed that (a) the thinning of the 
tube walls, (b) the properties of the tube and shell metals, (c) the 
type of expanding tool, (d) the method of rolling-in the tubes, 


6 ‘“Winwalzen und Einpressen von Kessel- und Uberhitzerrohven 
bei Verwendung verschiedener Werkstoffe,”’ by A. Thum and R. 
Jantscha, vol. 11, no. 12, December, 1930, pp. 397-401. 
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and (e) the finished condition of the surfaces of the tube and shell 
which are forced into contact, are all given. It must also be as- 
sumed that these factors must be dependent on the degree to 
which the tube hole is expanded as determined from tests. 
Knowing these things, one will be able to determine the corre- 
sponding thinning of the tube wall and consequently the desired 
thinning of the tube wall by applying formula [1] of this discus- 
sion. 

4 It is the writer’s opinion that the authors of the paper have 
not paid sufficient attention to the properties of the tube and sheet 
metals, particularly when they give the results of their tests of 
forcing the tubes from the joints. These properties are of the 
greatest importance in that they determine the best degree of 
tube-hole expansion, as can be ascertained from Fig. 2, reprinted 
from the previously mentioned paper® by A. Thum and R. Jant- 
scha. 

5 That part of the paper ‘Effect of Lengthening the Tubes 
Caused by Rolling-In,’”’ page 151, does not seem to the writer to 
be entirely correct, and further, it does not seem to agree with 
the first part of the paper. Indeed, if we have a method that se- 
cures the equality of tube elongation we have no reason to be 
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afraid of any considerable thrust caused by the inequality of this 
elongation. Also, it is not clear to the writer how the indicator, 
which is attached to the gas side of the tubes, can be used when 
all the tubes are inserted previously to rolling-in. It seems that 
an indicator of this type can be used only in the case where the 
tubes are inserted and rolled-in row after row. 

Also, the author’s deductions concerning the thrusts created 
by unequal rolling cannot be accepted completely. The thrust 
created by rolled-in tubes surely cannot be added arithmetically, 
inasmuch as the dividing of the tube bank into two parts does 
not divide the amount of accumulated thrust in half. All rela- 
tions that must be considered in this connection are undoubtedly 
more complicated. 

6 In conclusion it must be noted that all the authors’ data are 
obtained from hydrostatic tests after initial tube installations. 
The writer would be interested in the answers to the following 
questions: 

(a) Have the joints rolled-in by the elongation method proved 
entirely satisfactory in service? 

(b) Have cracks appeared in the joints rolled-in by the au- 
thors’ method? 

(c) If cracks have appeared, has the frequency of their oc- 
currence diminished when compared to the cracks which have 
appeared in boilers of the same type as mentioned in the paper 
but in which the tubes were rolled-in by methods other than the 
one described by the authors? 


(d) Have the authors observed circular cracks in the ends of 
the rolled-in tubes, and if so, have they ascertained the reason for 
these cracks? 

(e) Do the authors know of an indicator suitable for deter- 
mining the tube flare within the shell? 

(f) In what units is the thickness of the tube wall given? 
The writer has inferred that the “gage” referred to by the au- 
thors means American standard plate gage. 


AutTHors’ CLOSURE 


The authors keenly appreciate the interest taken in their efforts 
to bring the matter of boiler-tube expansion to the attention of 
engineers. They are also not unmindful of the fact that they have 
only made a beginning of studying this subject and that many 
questions remain to be answered. The questions raised in the dis- 
cussion are such that each discussion will be given a separate 
reply. 

Mr. Skog raises the patent question of cost.of application of the 
elongation method. In the application of this method no more 
help is used and no more time is required than in the application 
of the older methods. When the cost of rerolling tubes, im- 
properly rolled initially, is given its proper weight the elongation 
method is actually less expensive than the older methods. It is 
not necessary to complete one row of tubes at a time, as sug- 
gested. No material change has been made in method of as- 
sembly usually used. 

The tubes were bought on Specification A.S.T.M. Designation 
A83-33. Table III of this specification gives the following toler- 
ances for tubes 4 in. in outside diameter and smaller: 

Outside diameter, over 3/64 in., under '/32 in. 

Wall thickness, over 3 Bwg (Birmingham wire gage) numbers. 
This thickness tolerance applies only to eccentricity so that the 
average variation would be about 1!/2 Bwg numbers. 

Tube-hole diameter tolerance is specified in the A.S.M.E. 
Boiler Construction Code, Combined Edition (1931 with all errata 
and changes inserted), Section 6, I-19 on Rules for Inspection. 
The maximum size of tube hole is specified not to exceed nominal 
plus !/3.; in. The implied meaning is obvious. A 3!/,in. tube 
may be anything from 3.219 in. to 3.266 in. in outside diameter 
and the tube hole may be anything from 3.250 in. to 3.281 in. 
in diameter. The tube-wall thickness may vary according to the 
schedule given in Table 1 of this discussion. 


TABLE 1 
Nominal 
thickness, Bwg Min, in. Max, in. Tolerance, in. 
2 0.284 0.320 0.036 
4 0.238 0.271 0.033 
6 0.203 0.229 0.026 
8 0.165 0.191 0.026 
10 0.134 0.155 0.021 


Table 1 gives only a partial list but illustrates the implication of 
the specification. The authors’ experience with tubes and tube 
holes indicates that the A.S.M.E. Boiler Construction Code has 
been met. 

Mr. Skog’s comment regarding the indication of contact in the 
case of a tube of noncircular section is correct. This condition 
presents no difficulties because no elongation will occur until full 
contact has been established and in consequence there will be no 
movement of the indicator needle until full contact. There is a 
second condition which Mr. Skog has not noted which merits com- 
ment. The tube may not be coaxial with the hole during the first 
phase of the expanding operation. Contact occurs and further 
rolling may produce a positive or negative indication as the tube is 
being forced into the correct position and full contact. At this 
instant the needle will pause and elongation will be measured 
from this point. The application of the elongation method to 
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such exceptional and abnormal cases can be easily worked out by 
the alert tube installer. 

Experience has not shown the necessity for predetermining 
exactly the proper elongation for different combinations of tube 
diameter and sheet thickness. All tests made by the authors have 
shown that the relation between holding strength and elongation 
becomes a maximum at about the same elongation, namely, 0.020 
in. for tubes of different sizes rolled into sheets of different thick- 
nesses, so that meticulous care is not called for in the actual as- 
sembly of the joints by this method. 

In their investigations into expanded-tube joints the authors 
have not been satisfied only with securing a simple method for 
rolling-in tubes, so that the erecting job may be carried out with 
the least trouble, but have constantly maintained an interest in 
the whole life of the tube. It has not been taken for granted that 
a certain portion of all tube joints must fail, but rather that a 
failed joint shows either that the tube was improperly made or 
that the joint was not properly expanded. The meeting of a 
construction code has not been made the criterion of quality in 
rolled boiler tube joints. In the past when pressures were lower 
than those now common and when boilers were comparatively 
simple structures without waterwalls and other modern develop- 
ments, it was not necessary for the builder to be concerned about 
the factor of safety of tube joints. Any rolling-in method would 
work because the strength of the joint was many times the boiler 
test pressure. No one thought much about factor of safety of 
boiler tube joints. Only within the past year a case has come to 
the authors’ attention in which the holding strength of the joint 
was less than the code test pressure. The factor of safety of the 
joints, based on boiler code test pressure, was less than one. It 
now becomes necessary to seriously consider developing the 
maximum holding strength of which the tube and tube sheet is 
capable and this demands definite control and uniform practice in 
the making of tube joints. 

Mr. O’Brien has raised an interesting question in relation to the 
production of a fixed elongation in the last tube expanded in any 
tube bundle. The authors have no data on which to base a 
quantitative answer but the following phenomena have been ob- 
served: In the case of the long straight tube the tube reacts as a 
long column having fixed ends and consequently deflects from a 
straight line. This same phenomenon is observed when tubes of a 
given bundle are expanded unequal amounts. The bent tube, of 
course, is much more flexible than the straight one and conse- 
quently a greater portion of the axial force resulting from expan- 
sion is dissipated in change of shape than is true in the case of the 
straight tube. The short tube presents a more difficult problem 
. but a tube so short that it could not be easily expanded to the 
proper elongation has not come to the authors’ notice. The notes 
in the paper relating to the axial force set up in the tube during 
expansion give some idea of the change in axial force with change 
of measured elongation. 

Mr. Fellows has touched on a phase of this question which the 
authors believe has not been given the consideration that it de- 
serves. Tubes have been rolled into drums without enough re- 
gard for the deformation of ligaments or the disturbance of metal 
in the tube wall. Points of very high stress have been set up due 
to the rolling-in operation and pitting and ultimate failure has been 
the result. In the May, 1935, issue of Mechanical Engineering 
there was published an article entitled, “Boiler Steel Embrittle- 
ment,” by E. P. Partridge and W. C. Schroeder, both of U. S. 
Bureau of Mines, Rutgers University, New Brunswick, N. J. 
The first two generalizations presented by these authors are 
quoted as follows: 

“(1) The cracking of steel subject to chemical attack while 
under stress consistently commences in a region where the local 
stress is greater than the average. 


(2) An unknown but probably very high local stress is 
necessary to initial cracking.” 

One case which the authors have studied will be discussed in 
order to emphasize the importance of the application of the pre- 
viously mentioned conclusions to the rolled-in tube joints. At 
the Trenton Channel Power Plant there were many failures of 
“tack” tubes.” These tubes all failed in the same manner. 
Figs. 3 and 4 of this discussion illustrate the location and manner 
of failure. The walls of the tubes were eaten through circum- 
ferentially about 3/s in. before the inner end of the rolled section. 
These tubes had been expanded using a four-roll expander in 


Fic. 3 Tusrs Watt Corropep THROUGH AT THE POINT OF 
GREATEST DISTURBANCE OF THE MBTAL IN THE WALL 


Fic. 4 Tusres SHOWING WELL-DEVELOPED CORROSION AT 
Point oF HiGHEsT STRESS 
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which the rolls had short-radius cor- 
ners on the entrance ends. Reduc- 
tion in wall thickness was not excessive, 
being of the order of 7 to 9 per cent. 
The replacing tubes were expanded 
using the same type of tool but having 
the entrance ends of the rolls ground 
to a long radius of 5in. These replac- 
ing tubes have been in service about 
four years and have shown no evidence 
of a repetition of the corrosion condition. 

Several theories were advanced to ex- 
plain the condition. Finally the 
authors undertook to repeat the con- 
dition set up in the tubes which failed. 
A tube of about the same physical 
characteristics as the failed tubes was 
rolled into a tube hole using a tool 
equipped with the same shape of rolls 
as were used originally on the tubes 
which failed. The reduction in wall 
thickness, while somewhat greater than 
that found in the failed tubes, was not 
excessive. Fig. 5 of this discussion is a 
photomicrograph (8) of a polished 
etched section through the rolled por- 
tion of tube wall. The etching fluid 
was 10 per cent HNO;. It is to be 
noted that there are points of high 
stress at A, B, C, D, E, and F which 
correspond to the spiral formed by the 
entrance ends of the rolls as they ad- 
vanced into the tube. The condition 
at F calls for special notice as it is 
exactly the same distance from the end 
of the rolled section as was the cor- 


Fic. 6 Section or Foutp Mera on InstpE or TuBE (X 100) 


rosion in the tubes shown in Figs. 3 and 4, namely, about 3/3 sive cold working of the metal at region F. A very high stress 


in. A photomicrograph (100) was taken in region F. 


This is was locked up in the wall of the tube in this region. A cul-de- 


shown in Fig. 6 of this discussion. An examination of Figs.5and sac had been formed by the rolling operation. The necessary con- 
6 shows the cause of the corrosion to be none other than exces- ditions for localized corrosion were present and only about two 
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years of service saw the end of these tubes. Many of these tubes 
have failed and the cost of replacement has been charged to main- 
tenance. A change in roller shape appears to have corrected these 
conditions. The new rollers set up much less local stress be- 
cause the surface of the tube is not disturbed so violently and 
no cul-de-sac has been found. The authors believe, but have 
no experimental proofs, that ligament failures in many cases can 
be charged to excessive plastic deformation due to excessive roll- 
ing. This phase of the problem of producing permanent rolled 
» joints is one which deserves serious study. 

The authors are pleased to have a discussion of their paper by 
an engineer having European point of view and background. It 
is probably not generally known among American mechanical 
engineers that the question of boiler-tube joints has been made 
the subject of considerable study in Europe for the past ten 
years. There are many publications telling of these researches. 
One of the authors of this paper under discussion has recently 
completed a review of four of these papers, three of which were 
published in Germany and one in Switzerland. Based on the 
cost of similar research carried on by the authors, the work repre- 
sented by these four papers must have cost over $50,000. One 
of the papers speaks of tests on 4975 experimental rolled joints. 
Mr. Noeff’s discussion is therefore most welcome as it gives an 
opportunity to refer to these European researches. 

Mr. Noeff is correct in stating that the authors have not shown 
the relationship between elongation and ‘‘(a) thickness of the tube 
wall, (b) the decrease in the thickness of the tube wall after it has 
been rolled, (c) the width of the inrolled ring of the tube in the 
tube sheet.’”’ These dimensions were all carefully measured and 
recorded but were not evaluated against the elongation. After 
several unsuccessful attempts to account for the metal in the 
rolled-in section of the tube by attempting to apply to actual 
rolled joints the same formula as Mr. Noeff develops in his 
Equation [1], which is of course approximately correct, they 
centered their attention on the major purpose of tube rolling. 
The purpose of rolling-in a tube into a tube hole is to produce the 
strongest possible joint and one which will not only meet the 
pressure test specified by the code, but will continue to perform 
satisfactorily throughout the anticipated life of the boiler. This 
implies the rolling of tube joints so as to produce the least possible 
cold-working of the tube wall and the tube-sheet metal. The 
meeting of these requirements called for a check of the change in 
tube-wall thickness and in tube-hole diameter resulting from the 
expanding operation, in consequence these measurements were 
made. 

The research reported on in the Thum and Jantscha paper which 
Mr. Noeff refers to were carried out on tubes machined inside 
and out to a close micrometer tolerance and the tube holes were in 
no case more than 0.2 mm (0.008 in.) larger than the outside 
diameter of the tube. The results of tests carried out on such 
ideal parts can hardly be applied to the assembling of tubes and 
sheets such as are found in American practice. The Code and 
A.S.T.M. specification tolerances are noted in the answer to Mr. 
Skog’s discussion. The authors have used only parts having such 
variations from the ideal as are found in an actual boiler. If 
commercial manufacturers could furnish tubes and tube holes 
having dimensions to as close micrometer tolerance as those used 
by Thum and Jantscha in the studies referred to previously at a 
price which the purchaser could afford to pay and if the design of 
the boiler were such that parts made to such close tolerance could 
be assembled by the available erectors, the mathematical method 
of Thum and Jantscha would apply. But when the erecting 
engineer has to get along with such variations in tube diameter 
and wall thickness and tube-hole diameter as are met with in 
American commercial practice, these formulas cannot be applied 
if one hopes to produce joints of anywhere near uniform strength. 


If he further hopes to not overroll his tubes or tube sheets he must 
find a more flexible method of control than that afforded by the 
uniform-entrance method. F 

The authors do not care to enter into a discussion of the work 
of Thum and Jantscha at this time. However, their conclusion 
after a careful study of the work of these investigators and of 
others published in German is that the amount of tube expansion 
which they advocate is at least twice as much as is normally 
produced by the application of 0.020 in. to 0.025 in. elongation as 
used in boiler erection in the authors’ company. In some in- 
stances the expansion recommended was so great that its applica- 
tion would result in a reduction of tube-wall thickness of as much 
as 25 per cent with attendant work hardening and ‘tendency to 
form cracks.” 

The authors do not agree with Mr. Noeff that with the materials 
usually found in modern boiler practice, the amount of expansion 
is a function of the tensile strength, ductility, yield point, etc., of 
the tubes and sheets. If Mr. Noeff refers to strength of the 
rolled-in joint the authors are willing to go much further than he. 
Tests conducted and not yet reported on show that the holding 
strengths of rolled-in joints vary with (1) condition of finish 
of tube and tube hole, (2) tube-sheet thickness, (3) tube diameter, 
(4) tube-wall thickness, (5) degree of expansion, and (6) difference 
in hardness of sheet and tube. 

In no ease are all the tubes of a boiler installed at one time. 
While this might be possible in a small boiler, in large boilers of 
the vertical-tube type so common in America, such procedure 
would make it impossible to adjust each tube to its proper axial 
position before rolling-in the joints. Usually not more than six 
rows of tubes are inserted at once. This number depends on 
what appears to be the easiest way to handle the particular tube 
arrangement for convenience in final adjustment. With six rows 
of tubes installed at once there is no difficulty in using the dial- 
indicator method described. 

The problem of accumulated elongation is perhaps more com- 
plex than is suggested in the paper. Its existence is best illus- 
trated by a concrete example. In a six-drum Stirling-type boiler 
of about 30,000 sq ft heating surface the two top drums on each 
side were connected by 35 bent circulating tubes 4-in. in diameter. 
By mistake these tubes on one side of the first boiler erected 
were rolled-in beginning at one end and proceeding in sequence to 
the other end. The accumulated elongation in this case was such 
that the lighter drum was lifted 1/1. in. off the supporting saddle 
on the end at which the rolling job was completed. The drum 
lifted weighed 35,000 lb and carried about 10,000 lb of tubes al- 
ready attached to it. On the second side of this same boiler the 
rolling-in was done in four parts. The job was started at the 
middle of the length of the drum and proceeded one quarter of 
the length of the drum first on the right then on the left of the 
starting point. The tubes in the remaining two quarters of the 
length of the drum were rolled-in starting at the ends of the drum 
and proceeding toward the middle. There was no measurable 
lifting of the lighter drum in this case. Similar portions of the 
three other boilers of the same design have been treated in the 
same manner and with the same result. Fig. 7 of this discussion 
is introduced to illustrate the effect of sequence of rolling-in tubes. 
The scale is of course greatly exaggerated. 

The answers to Mr. Noeff’s listed questions follow: 

(a) The use of the elongation method of rolling-in boiler tubes 
has resulted in a great reduction in the number of rerolled tubes 
necessary to pass inspection. After five years service in the case 
of one boiler there has been no report of tube end failure. In the 
authors’ company, the tubes of five new boilers and the tubes of 
three rebuilt waterwalls have been installed using the elongation 
method. In all there are probably 20,000 tube joints and no 
failures have been reported. Some of these joints are operating 
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at 425 lb per sq in. gage and the remainder at 700 lb per sq 
in. gage. There are also many boilers in which this method 
was used in plants outside the authors’ company, other than 
those at the Ford Motor Company and the Springwells Plant 
of the Detroit Water Commission on which no report is avail- 
able. 

(b) and(c) Inthe authors’ company there is no knowledge of 
cracks in the rolled-in portions of boiler tubes except those re- 
sulting from corrosion fatigue. This form of failure is illus- 
trated in Figs. 4 and 5 of this discussion and its probable cause 
in Figs. 6 and 7. The description of these figures and the 
method of correcting the fault is described in the accompany- 
ing text. 


VGB-2112 


Vi8-1827 


(d) The authors do not understand exactly what form of fail- 
ure the writer refers to but suspect he means circumferential 
cracks not associated with corrosion; such forms of failure as 
are illustrated in Fig. 8 of the discussion. This figure was taken 
from the paper, “Uber das Einwalzen yon Rohren unter besun- 
derer Berucksichtigungder Frage der Rundvisse in den Einwalz- 
stellen von Siederohren,” by A. Thum and W. Ruttman, pub- 
lished in Mitteilungen Nr. 45 der Vereinigung der Grossekessel- 
besitzer. 

With only these illustrations available to judge from, it is 
impossible to form a definite conclusion. It is the authors’ opin- 
ion, however, based on their experience with rolling-in tubes, 
that these cracks are the result of high stress concentration re- 
sulting from either greatly exaggerated rolling, or the use of 
improperly shaped or defective tools or a combination of the 
two. A case of cracked brass tubes has come to the authors’ 
attention. These tubes were in an air cooler on a 10,000-kw 
turbogenerator. The tubes failed at the rolled-in section after 
six months’ service. An examination of these tubes showed 
that some failed in tension and some in compression. It appeared 
that the cause of the failures was due to excessive rolling and im- 
proper sequence of rolling. The replacing tubes were rolled to 
about 0.020-in. elongation and with due care as to sequence so that 
the accumulated elongation was not sufficient to seriously distort 
the tube sheet. These replacing tubes have been in almost con- 
tinuous service for three years. 

(e) The authors have had no experience with any kind of 
indicating device for controlling flare rolling. 

(f) The ordinary method of designating tube-wall thickness 
used in America is the Birmingham wire gage (Bwg). 


Fic. 8 Tuse Enps Wit CircUMFERENTIAL CRACKS 


